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ABSTRACT 
The height to thickness ratio is the most significant 
geometric parameter influencing the bearing strength of 
masonry panels. 	In spite of this its effect on masonry 
strength has not received adequate attention by various 
investigators. 	Specifications in design codes (including 
C.P.111(1970) are based on relatively few test results and 
are suspected to be conservative. 	Such test results as 
are available are conflicting. 
The object of the work presented in this thesis is to 
investigate this problem in detail. The study is based on 
a series of tests conducted on 105, one third scale model 
wall panels made up of clay bricks or light weight concrete 
(Aglite) blocks under axial and eccentric loading with 
different end conditions. 	It is intended as a pilot study 
to determine whether the reduction factor prescribed in the 
codes are conservative; if they are, then this investigation 
will permit determination of revised values on the basis of 
a limited number of full scale tests. 
Various theories related to the topic of this study 
are analysed and test results compared. 	The test results 
show agreement with some theories for particular cases. 	In 
general, theories are found to be approximate. 	The causes 
of disagreement are discussed in detail. 
The reduction factors specified in the codes of various 
countries are compared with the test results. 	The results 
indicate scope for further revision of the codes. 	Also 
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permissible loads for different slenderness ratios and 
eccentricities are calculated according to the different 
codes. 	On comparison the Canadian, Swiss and draft 
codes (C.P.11l) are found to be less conservative than 
others considered. 	The method of choosing effective 
height, which is closely related to the problem considered, 




Imperial Units SI Units 
Length 1 ft 0.3048 in 
1 i 25.4 mm 
Area 1 in  645.2 mm' 
1 ft2 0.0929 m2 
Section Modulus 1 id 16.39x10m 
Second Moment of Area 1 in4  0.4162x 10-6m4  
Mass 1 lb 0.4536 kg 
Density 1 lb/ft3 16.02 kg/m3  
Force .1 lbf 4.448 N 
1 ton f 9.964 kN 
Force/unit length 11 lbf/ft 14.59 N/rn 
1 toM/ft 32.69 kN/rn 
Pressure 1 p.s.!. 6.895 kPa 
(kN/rn2 ) 
1 p.s.f. 47.88 Pa 
(N/rn2 ) 
Moment of Force Pound (lbf) in. 0.1130 N in 
Pound (lbf) ft. 0.3707 N rn/rn 
NOTATION 
h -height 
t - thickness 
b - width of cross-section 
0 - load eccentricity 
m - 6 e/t relatiVe load eccentricity 
y - wall lateral deflection 
f - deflection of wall axis at mid-height 
Y - distance from centroid 
n - distance of neutral axis from compressive face 
of the wall 
A - area of cross-section 
S - distance between neutral axis and centre of gravity 
of stress area, $ = g.n 
Ce - elastic strain 
Co - strain at which slope of stress-strain curve is zero 
C - strain 
- ultimate strain 
- largest and smallest compressive strains 
E - modulus of elasticity 
Ei - initial modulus of elasticity 
R - radius of curvature 
a - compressive stress 
F' - area under stress-strain curve 
3u1t ultimate gross masonry stress 
P - vertical load 
k - 6 */C e 
q - column fixity parameter 
V - distance of the line of action of the compressive 






Masonry has been used as building material since 
ancient times and many examples of it which date back at 
least from Roman times can still be seen in Herculaneum. 
It reached its highest aesthetic expression in Gothic 
Architecture. 	The construction of large span domes which 
were mainly subjected to compressive stresses was based 
on the intuitive quality of the designer which was an art 
rather than a subject of technology. 	There must indeed 
be some merit in the method of construction which even to- 
-- day permits the construction of buildings that are 
technically quite remarkable. 
In Britain before the industrial revolution the 
majority of buildings of any size were built of stone 
masonry and timber; Increase in population that followed 
industrial revolution was so great that the supply of stone 
in many areas was quite inadequate for the new buildings 
being put up. 	Coal was cheap, railways spread throughout 
the country and so cheap, mass produced, bricks replaced 
stone as the principal material for the walls of all but the 
larger buildings. 	The use of wooden building (timber) 
which was very common in the Tudor age was discarded due to 
the great fire that occurred in London on 2nd September 
1666. 
In other countries also because of fire hazard and 
shortage of wood brick became a principal building material. 
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There was no other material at that time to replace it 
economically, or otherwise. 	With the coming of steel and 
concrete a new dimension in Structural and Architectural 
design was introduced. 	Steel and concrete being relatively 
expensive it became imperative to have economical design 
methods based on a rational analysis of the forces acting 
on the structure. 	This resulted in the decline of masonry 
as a serious building material and it no longer played the 
first role in the orchestra of building materials (that role 
was given over to the steel and concrete). 
Due to lack of experimental and theoretical infor-
mation the design procedures laid down by various masonry 
codes were conservative in comparison to the sophisticated 
design methods laid down for steel and concrete. Practising 
Architects and Engineers thought masonry to be an obsolete 
material which was used in the past because there was no 
better alternative available. 	The role of masonry in 
larger buildings was thus reduced to that of a non-load 
bearing material for partition walls, filler walls and as 
a cladding material. 
The tremendous and unforseen change in architectural 
attitude strengthened by structural thinking which began to 
manifest itself towards the early 60's and the breakthrough 
to a form of design which laid emphasis on expression gave 
fresh impetus to masonry. 	A notable result of this break- 
through was that masonry construction began to be based on 
rational design principles in contrast to the old practice 
when the design was based on empirical or rule of thumb 
methods, or the artistic inclinations or intuition of the 
designer. 	These empirical methods requlireiminimum wall 
thickness, and placeIconservative limitations on wall 
height, height to thickness ratio and lateral support. They 
also failed to recognise the intrinsic strength of masonry 
especially when high strength bricks could be used. Because 
of this improvement in the design method, tallej more 
slender and economical structures were built. These taller 
buildings which are structurally more demanding require 
rigorous methods of design in order to achieve the desired 
economy and safety. This has made it necessary to study 
the behaviour of masonry under various types of loads. 
Extensive compressive testing of full scale and model 
scale structures in the last 10 - 15 years have therefore 
been carried out and some of the factors which influence 
the compressive strength and the phenomena which accompany 
compressive failure are now more adequately understood. 
But there are still many important parameters about which 
very little is known. 	For example the effect of slender- 
ness on compressive strength is a topic of masonry research 
which has received very little attention, yet it is a 
fundamental factor in the design of load bearing walls. 
Because in bearing wall design, ultimate strength of masonry, 
slenderness of the member and •effective eccentricity of the 
applied loads are the primary consideration. 
In multistorey buildings it is essential that thin 
slender walls should be used in order to reduce the dead. 
weight of the structure and thereby reduce the foundation 
size and overall cost. Slenderness ratio influences the 
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load carrying capacity of the wall especially for slender 
walls subjected to eccentric loading. 	It is hypothetical 
to expect any wall to be 100% plumb especially when they 
are very slender. Because of this shortcoming in workman-
ship, slenderness effect becomes an important factor in 
design. 	All design codes take this into account in 
specifying permissible stresses. 	These codes specify the 
stress or the load reduction factor to take into account the 
decrease in strength due to slenderness effect. 	The values 
of reduction factors in different codes vary and it is 
suspected that these values are conservative,being based on 
• such information as was available at the time they were 
prepared. Nevertheless there have been substantial changes 
in the reduction factors over the years, the reduction factors 
in the current (1970) C.P.111 6 being about 50% to 126% 
higher than those given in the 1948 
(64) version. The 
difference increases with the increase in slenderness ratio. 
Chapter 2 on review will show the amount of experi-
mental information available so far is too small for 
further revision of the reduction factors to be proposed 
with confidence. Most of the test results available are 
on piers with hinged ends which do not represent the 
conditions prevailing in an actual building. Also 
available experimental results are conflicting: some show 
no decrease 	at all in the strength of walls and some show 
significant reduction (22)  in strength with the increase in 
slenderness ratio. 	Theories developed to relate slender- 
ness ratio with the ultimate strength of walls are conser-
vative because of the assumption that masonry is incapable 
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of withstanding any tensile stresses. 	If the tensile 
resistance is taken into consideration then the theory and 
its solution become complicated. 	It will no longer 
present a simple procedure for the designer. 
Apart from lack of tensile strength, masonry, being 
an inelastic non-homogeneous (two-phase) material  is not 
amenable to theoretical analysis and so the ultimate 
strength and slenderness ratio relationship should be based 
on test results. 	It was therefore felt necessary to carry 
out a detailed experimental study of this topic to see 
whether there is scope for further revision of the reduction 
factors for slenderness. 
The investigation- to be described was carried out at 
model scale and is intended as a pilot study: if from the 
model work it appears that the reduction factors are in fact 
conservative, it will then be possible to arrive at revised 
values on the basis of a comparatively limited programme 
of full scale tests. 
Slenderness ratio is defined in various codes as the 
ratio of the effective height "H" or effective length in
the case of walls (if this is less) to the effective thick-
ness "t" 	But the usual connotation of slenderness ratio 
is effective height "H" to radius of gyration "r" or thick- 
ness "t". 	In this study slenderness ratio implies .ratio of 
effective height to effective thickness (Hit) only. 
1.2. SCOPE OF INVESTIGATION 
Chapter 2 reviews the study carried out on various 
aspects of masonry in general and slenderness effect on the 
o 	 6 
ultimate strength of walls in particular. 
Chapters 3, 4 and 5 describe in detail the experi-
mental technique developed for testing single leaf, bonded 
brick walls and single leaf light weight concrete (Aglite) 
block walls at one third model scale. 	The total number 
of walls tested was 105, but the results of 93 walls have 
been considered. 	Due to experiniental error and change in 
test programme, results of remaining walls are not discussed. 
The test results are compared with other test results and 
discussed in detail keeping in view the various parameters 
influencing their strength. 
Chapter 6 i concerned with the theoretical analysis 
of the strength-slenderness relationship. 	The test results 
are compared with various theoretical methods of predicting 
wall strength and are then discussed keeping in view the 
limitation involved in experimental technique and the 
assumptions involved in developing theoretical methods. 
In Chapter 7 a critical study of the design provision 
of various codes pertaining to reduction factor - slenderness 
ratio relationship is done. 	The Authors' test results and 
other similar test results are compared and then discussed 
in the light of these coded provision. 	The latest draft 
revision of the C.P.11l (1970) code is also studied and 
its proposals are compared with other test results in order 
to see the justification for these proposals. 
Chapter 8 gives general conclusion of the investigation 
carried, out. 
Appendix I:- Gives basis for the eccentricity 
calculation. 
Appendix II:- Gives details of the instruments 
used in this investigation. 
Appendix III:- Gives details of pier tests. 
I 
CHAPTER 2 
REVIEW OF PREVIOUS WORK 
2.1. BRICKWORK 
This chapter reviews past work carried out on the 
Jt, 
different aspects of the brick masonry in general andojfhe. 
slenderness effect on the ultimate strength of masonry 
in particular. 
The earliest rational testing 	of brick masonry 
started in 1860 at the Watertown Arsenal in U.S.A. Previous 
to that, work had been mostly confined to testing of 
individual brick units and mortar units. 
Tests were carried out on 173 brick masonry piers to 
study the effect of different (1) brick strength, (2) mortar 
strength, (3) slenderness ratio, on the compressive strength 
of masonry. 	The results of these tests were not conclusive 
because only one or two specimens were tested for each 
factor influencing the strength of the brickwork. However 
there wasdecrease in ultimate compressive strength of the 
pier with the increasing slenderness ratio (Fig. 2.1.). 
In Britain, R.I.B.A. carried out tests on 59 brick 
piers built with both cement and lime mortar. The results 
of these tests (Published 1905) coupled with American test 
results formed the basis for the design of masonry 
structure in the U.S.A. in those days. 
Because test data available so far were based on a 
more favourable laboratory condition of the test than may 
be realised in practice, the National Brick manufacturers 
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investigation. As such in 1914 a test programme was 
prepared for large number of brick piers and the test 
carried out in collaboration with Bureau of Standards. 
The results of these tests were reported( 2 ) by Bragg in 
1918 along with a brief description of some of the previous 
test results relevant to their testing programme. 
Among the different test results described in the 
above report, the test results of Prof. Krueger on piers 
of 11 ins. 2 cross-section and of varying height are of 
interest. 	According to him there is increase in pier 
strength when mortar strength is increased and brick strength 
is kept constant, or vice-versa. 	He also studied the effect 
of varying height and of - non-axial loading on the strength 
of the pier, with the mortar and brick strength constant. 
The test results showed that there is decrease in pier 
strength with the increase in height. 	Fig. 2.1. and Table 
2:.1. give results of the test. 	The one snag in the test 
was that the Brickwork to Brick strength 	 .can-not 
compared with other tests because of difference in testing 
method of individual bricks. 
Bragg's own investigation (2)  dealt with the effect 
of brick type, mortar type,bond type, and grade of workmanship 
on the ultimate strength of piers. His conclusions were 
not very different from that of previous investigators. 
According to him primary failure of brickwork is due to 
tensile splitting of the individual bricks. 	The ultimate 
strength of pier is increased by any of the factors, such 
as (1) by increasing depth of the brick unit, (2) laying 
wire mesh in all horizontal joints, (3) by having thin mortar 
TABLE 2.1. 
KREGERS( 2 ) TEST RESULT 
Pier 	- 	Compre- Breadth Ratio of Compre- 	Reduction 
No. ssive of Height ssive Factor 
strength Pier to Strength 
of bricks Breadth of piers 
p.s.i. inches p.s.i. 
1 3260 10.6 4.3 2340 1.0 
2 3260 10.6 8.7 2320 0.99 
3 3260 10.6 13.0 1940 0.83 
4 3260 10.6 17.4 1620 0.69 
5 3260 10.6 21.7 1090 0.46 
6 3260 10.6 26.4 1020 0.43 
7 3260 10.6 30.7 
8 3260 10.6 35.4 780 0.33 
9 3260 10.6 39.5 880 0.38 
10 3260 10.6 43.4 880 0.38 
11 3260 10.6 48.8 750 0.32 
12 3260 10.6 53.2 780 0.33 
13 3260 10.6 57.5 640 0.27 
14 3260 10.6 61.8 610 0.26 
15 3260 10.6 65.8 660 0.28 
16 3260 10.6 69.7 660 0.28 
17 3260 10.6 74.5 610 0.26 
18 3260 10.6 78.8 610 0.26 
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joints of uniform thickness, (4) by having the right 
combination of brick and mortar units. 	Also in 1:3 cement 
sand mix, 25% by Volume of cement may be replaced by 
hydrated lime without appreciably affecting the strength 
of pier. 
Based on these results he obtained a relationship 
between brickwork strength and compressive and transverse 
strength of individual units as 
P = 	= 
where z is constant depending upon grade of mortar. 	and 
oare compressive and transverse strength of brick piers 
respectively. The bricks used in the test were selected 
from four different regions of U.S.A. so as to have geo-
graphical representative sample. 
In 1921 Faber 	published a report on a-n experi- 
ment carried out to study stability of thin walls and 
concluded that under truly axial loading (which is difficult 
to achieve) slenderness had remarkably little effect on wall 
strength except when weak mortar such as lime mortar is 
used. 	The lime mortar reduces the stiffness of the wall 
and may induce stability failure. 
In the early 1930t5 large number of tests were 
V 	 •(L) 
carried out on brick piers in Denmark by Svenson. 	On 
the basis of these test results he emphasised the important 
effect the modulus of elasticity E of brick units have on 
compressive strength of masonry walls. 	The variation in 
E value of brick units results in localised stress concen-
tration or internal eccentricity which lead to irregular 
failure pattern over a given cross-section. 
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Till 1934 there was no standard procedure for 
testing masonry structures and their units, this resulted 
in considerable difficulty in analysing various test 
results available. 
Glanville and Barnett 	published a report in 1934 
in which they attempted to co-relate and compare different 
available test results and their procedure in order to 
give maximum possible guidance in predicting the strength 
of masonry structures built from these units. 
Apart from the above-mentioned work, they also dealt 
with other factors related to masonry strength such as 
(1) mortar strength, (2) wall geometry, (3) workmanship, 
(4) bond, (5) stress-strain relationship, (6) mode of 
failure, (7) effect of variation in the brick strength on 
the strength of mortar. 
They suggested the most suitable form of test on 
an individual brick unit is by filling the frogs with the 
mortar in the brick and testing them in flat position 
between plywood sheets. 
Regarding the remaining above-mentioned factors 
their conclusions were similar to that of the previous 
investigator. They also pointed out the limitation in 
predicting masonry strength based on the brick units 
forming them, because of unavoidable variation in the form 
and texture etc. of bricks. 
Davey and Thomas (6) also studied different methods 
of brick test along with other related factors such as 
(i) mortar strength, (2) brick strength. 	Interestingly 
enough they suggested a strong case for using weak mortar 
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because of its ability in adjusting to differential move-
ments,as the cracking, according to them,in brickwork is 
rarely due to vertical applied load. 	A strong mortar if 
used will result in the development of fine cracks between 
mortar and brick which may permit passage of water through. 
the masonry apart from giving bad appearance. 
They also devoted their attention to the effect of 
slenderness and eccentricity on compressive strength of wall. 
According to them the ultimate load P is a function of 
different parameters such as (1) Eccentricity e_', (2) width 
"w", (3) thickness "t" and (4) height "h". 	For convenience 
the effect of eccentricity and S.R., in spite of their 
being interrelated, were, dealt with separately. 	Hence 
= f3 (hit) 
P/P= f2 (e/t) 	p 
In order to study this effect piers of different di- 
mensions and different mix were tested. 	The test results 
are shown in Fig. 2.2. 	It is seen that load ratio factor 
is not only dependent on height but also on eccentricity. 
In the case of 9'ins. x 9 ins, piers there is no 
significant difference in strength below slenderness Ratio 
14 and Eccentricity E c t/4 compared to decrease in strength 
for greater eccentricity and greater height than mentioned 
above. 	However 13* ins. x 13* ins, square cross-section 
piers built of similar brick and mortar and having smaller 
slenderness ratio (12) showed no marked difference in strength 
as compared to that of 9 ins. x 9 ins, piers. 
Regarding the effect of eccentricity there is greater 
13 
decrease in load ratio p for piers having higher slender-
ness ratio particularly at higher eccentricity. 
The experimental load ratio is compared with the 
theoretical lbad ratio, which is given by the equation. 
P/Pa = (i4)+ 6 e/t) 
For e > 0 and e < t/6 
Also '1a = 3/4 (1-2 e/t) 
For e>t/6 eczt/2. 
From these results they suggested that excluding 
9 ins. x 9 ins, square pier corresponding to slenderness 
ratio of 18, the theoretical relationship could be used in 
the design of brick structures. 
In the case of slender structures slenderness and 
eccentricity are interrelated; this results in further 
reduction in load-carrying capacity of the structure than 
would be expected for that particular eccentricity. This 
is attributed to the bending deflection which can be 
excessively high for very slender structures under high 
eccentric loading. 
Thirty 421 ins, thick brick walls were tested axially 
and eccentrically with I in. and 1 in. load eccentricity. 
Except for one wall all walls were tested under flat-ended 
condition thus providing directional restraints. 
The results indicate decrease in strength Fig. 2.3. 
with the increase in height, but without any definite relation-
ship between them. 	The reduction factor given in C.P.111 64 
(1948) is on the lower side. 	The slenderness effect on the 
strength of the walls has been assumed to be of less 
importance .in comparison to that of the pier, because in the 
14 
case of the walls due to larger width the tendency is to 
neutralise the causes responsible for lowering its strength 
in comparison to that of the pier. C.P.11l (1948) there-
fore specified taking the effective height of the wall as 
3/4 of the actual height of pier. 
They also carried out studies on cavity walls and 
reinforced brickwork. 	. 
In spite of large numbers of test results available 
on brick piers in Britain, no attempt was made towards 
formulating a more rational basis for the design of brick 
structures. 	Davey and Thomas made efforts in this direction 
in order to reduce the factor of uncertainty involved in 
deciding the influences of various factors on the masonry 
strength. 
	
In .1953 F.G. Thomas 	suggested changes in C.P.11l 
(1948) after analysing the various test results available 
with Building Research Station. 	He studied the effect of 
brick and mortar strength and suggested that c..p. (64)111 
(1948) be modified to permit high working stress for brick-
work using cement lime mortar or lime mortar with high 
strength bricks. 	He also showed the capability of brickwork 
to resist lateral forces when built into a steel framework. 
The effect of slenderness on the ultimate compressive 
strength of brickwork was divided into two sections by 
Thomas. 	One set of results was for brick piers and the 
other for 	brick walls. 	Piers of 9 ins, and 13* ins. 
square cross-section built with different combination of 
brick and mortars were axially tested with hinged ends up 
to slenderness ratio of 18. 	The results show a definite 
15 
decrease in strength with the increase in slenderness, ratio 
of the piers. 	The proportion by which the strength 
decreases is different for different combinations of brick 
and mortar (Fig. 2.4.). 	The results are reported in terms 
of strength reduction coefficient (Factor) which is the 
ratio of pier strength of specific slenderness to pier 
strength of slenderness ratio unity. Weak brick and weak 
mortar pier combination has 
C
greater decrease in strength as 
compared to strong brick and strong mortar. 
The reduction factors given in C.P.11.1 64 (1948) 
are lower than the reduction factor for strong brick and 
strong mortar. 	In the case of weak brick and weak mortar 
the reduction factor is lower than the reduction factor of 
C.P.111 6 (1948) up to slenderness ratio of 12, beyond this 
reduction factor is higher than that given in C.P.111 6.4 
(1948). 	The average reduction factors so obtained were 
suggested by Thomas 	to be adopted when the code is 
revised, provided the scatter of results about the mean 
value is considered in a general load factor. 	Since the 
piers were tested between knife edges, the effective height 
was taken as the actual height of pier thus avoiding any 
directional restraint present. 	In actual practice pier 
ends will always have some restraint provided by the floor 
slab. 
Thomas' 	also dealt with non-axially loaded piers of 
different brick and mortar strength combinations which showed 
higher strength reduction factor in comparison to axially 
loaded piers, because of reduced lateral stiffness of the 
pier due to cracking, particularly for a tall pier. 
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Tests 	onanumber of 9 ins, and l3- ins, square 
section pierconducted at the Building Research Station no 
	K' 
not exhibit any significant difference in behaviour despite 
different combinations of brick and mortar(Fig. 2.5.), and 
hence Thomas 	assumed a uniform reduction factor to take 
care of different brick and mortar effects. 	Based on this 
assumption he suggested another strength reduction factor to: 
take into account different eccentricity of load at different 
slenderness ratio (Fig. 2.6.). 
Due to relatively high compressive stress which 
develops at eccentricity of load greater than t/3 and also 
because of the small amount of test data available for 
eccentricity t/2, Thomas limited eccentric loading up to t/3 
Reduction factors shown in Fig. 2.6. for e = ± 12 are there-
fore to be used with caution. 
The reduction factors applied to axially loaded piers 
are also applicable to walls under similar load condition. 
The difference is in the calculation of slenderness ratio, 
which is 3/4 of that of the pier. As explained earlier, it 
is because the factors responsible for reducing the strength 
are less effective in walls in comparison to piers. 	This 
does not seem to be.the only reason, because in the case of 
walls tested under flat-ended conditions the end restraints 
provided by the beam are also considered. 
C.F.111 64 (1948) and Thomas' 	recommendation about 
effective height do not seem to be consistent, because 	A 
walls loaded with hinge ends will have no end restraints 
and hence the effective height will be greater than 3/4 times 
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of actual height is arbitrary and should be based on the 
actual end rotation, lateral deflection and curvature 
variation along the height. 	This aspect will be discussed 
in detail at a later stage. 
Tests carried out by Thomas 	on 4* ins, thick wall 
built from medium strength brick and 1:1:6 mortar mix, do 
not show any considerable reduction in strength with the 
increase in slenderness ratio. 	The results of 4* ins. 
thick wall loaded at eccentricity of t/9 and 2t/9 show 
decrease in strength reduction factor with the increase in 
height. 	Thomas compared his load factors (Table 2.2.) with 
load factors specified by the C.P.11l (1948) and suggested 
use of values given in code because of greater variation 
in load factor for higher slenderness ratio. 
In Germany, in 1952, comprehensive work 	concerning 
influence of factors such as (i) brick strength, (2) mortar 
strength, (3) bond type, (4) window opening and (5) chases 
in wall on the load bearing capacity of brick wall was 
carried out. 	The results of these tests, though similar 
to previous work, no doubt assisted in clarifying the 
effects besides brick and mortar strength which are of 
significance for wall strength. 
Chapman and Slatford8) in 1957 studied the mechanism 
of wall and column failure made up of brittle material with 
no tensile strength under different end conditions such as 
(i) hinge, (ii) eccentric load, (iii) clamped ends. 	In 
their theoretical analysis, which was basically a formulation 
of a differential equation between load deflection and 
eccentricity, they introduced an imperfection constant to 
TABLE 2.2. 
LOAD-FACTORS 
S.R. 	e/t = 1/9 	 e/t = 2/9 
Based 
on 	Based 	Based 	Based 	Based 
c.p.lfl 	on on on on 
C.P.111 	Fig. 2.6. 	C.P.111 	Fig. 2.6. 
7.5 9.0 9.2 8.4 8.8 
10.5 11.3 10.3 9.8 9.6 
13.5 12.7 9.6 12.2 10.4 
16.5 16.8 10.9 10.0 7.7 
18.0 13.5 8.4 9.1 6.8 
19.5 13.3 7.9 9.8 7.3 
21.0 15.4 8.9 9.1 6.9 
22.5 14.1 7.9 7.9 5.9 
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take care of any defect in the vertical alignment of the 
wall or column under consideration. Since the material 
studied was brittle, the shape of this initial imperfection 
was taken as triangular instead of 
or arc of circle. 	Haller, Monk, 
II 	-, 
deflection curve as sinusoidal and 
between the theory and experimenta 
sinosuidal 
I 






rnve taken  
good agreement 
This imperfection constant is neglected when 
eccentricity of loading is considered in the analysis. 
The Davey and Thomas test results were found to be in 
good agreement with their theoretical analysis. 	In 1962 
when calculated brickwork was still in its infancy 	- 
state in Britain, Foster 	didstudy of various brick 
buildings built in Switzerland and critically compared Swiss 
and British codes with particular reference to) 'strength and 
slenderness relationship. 	Based on detailed calculation for 
a wall of particular slenderness ratio he showed that British 
A 
code unduly penalises slenderness and to a greater extent 
the eccentricity. 	Like Thomas he recommended drastic 
changes should be made in C.P.11i.Ol (1948). 
By the middle Sixties enough research was done to 
alter the existing approach of using high safety-factors 
because of uncertainty in the behaviour of walls under 
different loading conditions. 	It was felt necessary that 
with the improved quality of brick and mortar, brick 
structures could be designed more economically by utilising 
the latent excellence properties of brick and mortar. 
In 1967 the Texas Conference on masonry structural 
systems paved the way towards this approach of using more 
reasonable safety factors and so avoiding uneconomical and 
heavy masonry structures. 
Grenleyet al. tested single leaf walls under 
uniform vertical compressive and transverse loads in order 
to study interaction between flexural and compressive 
stress. These walls were built of three different types 
of bricks and two different types of mortar (ordinary 
mortar and high bond mortar).Thg theoretical interaction curve 
so developed when compared with their test results: showed 
good agreement. 
The use of high bond mortar increased considerably 
the compressive and flexural strength of the wall over 
ordinary mortar. 	These curves enable reasonably accurate 
prediction of masonry strength in comparison to those 
curves which only take the negative effects of the inter-
aotions. 
These interaction curves form the basis of the 
study done by Yokel et al.
(Zf 
0) to investigate the slenderness 
effect of concrete-block walls on their compressive strength. 
Monk( 25) studied the behaviour of walls under 
eccentric loading by assuming a non-linear stress-strain 
curve for cracked and untracked cross-sections with, and 
without, introducing slenderness effect into the analysis. 
Three types of eccentricity were considered: (i) load 
eccentricity; (ii) chance eccentricity, which is due to 
inaccurate construction of wall and inherent variation of 
mortar and brick properties; (iii) bending eccentricity due 
to lateral deflection of the wall. 	The eccentricity was of 
different magnitudesand was a) different sides of the wall 
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column ends. 
To facilitate the solution of/ cubic formula so 
derived, Monk suggested a computer program which could 
facilitate solution of this otherwise complicated formula. 
He compared his theoretical results with the experimental 
results of SCPRF for different cases of load eccentricity 
and end conditions. 	In all types of loading including 
for axially loaded walls, a minimum chance eccentricity of 
t/20 was taken in the analysis. 	This allows more reasonable 
comparison of experimental results with the theoretical 
values. 	The theory is discussed in detail in Chapter 6. 
Ri sager ( 10 ) studied statical behaviour of linear 
elastic walls without tensile strength (brick walls), 
erected between floor slabs without sidesway and with equal 
angular rotation at top and bottom ends. He developed a 
theoretical method by which for the given values of height, 
thickness, width, elastic modulus, compressive stress and 
end rotations, the bearing capacity, eccentricity of com-
pressive force at the wall ends, mode of failure and 
crack condition could be determined. 
Hilsdrof 	developed a theory to predict the com- 
pressive strength of masonry which is a function of strength 
of brick under uniaxial compression and biaxial tension, 
uniaxial compressive strength of mortar unit, geometry of the 
masonry units and non-uniformity coefficient to account for 
workmanship. 
Motteu ( ]2 ) studied physical and mechanical properties 
of brickwork units under masonry load using different mortar 
mixrnd emphasised the necessity of further research into the 
21 
effects of workmanship, masonry, geometry and curing time. 
West et 	 reported tests on walls of wire-cut 
bricks to study the effects of perforations. 	The relation- 
ship between brick cube strength and masonry wall strength 
was also discussed. 
Creep in brickwork was studied by L enczner jl45 who 
stressed the importance the creep effect has in evaluating a 
A 
more realistic value of Young's modulus in brickwork theory  
obtaining more accurate analysis pertaining to buckling, 
stability and deformation problems. 
Haller 	studied the load-bearing capacity of brick 
masonry under compressive vertical loads and proposed a 
theory based on stress-strain propert:t.esof the masonry. This 
theory will be dealt with in detail in Chapter 6. 
Chèn and At suta ( 23) evolved a general method to 
analyze strength of walls of different materials, such as 
steel unreinforced concrete, brick and concrete blocks. The 
materials were assumed to be elastic, perfectly plastic and 
yield stress levels in tension and compression may not 
necessarily be the same. 	The method is based on determining 
equivalent column length by iterative procedure. Based on 
this equivalent length the curvature distribution is found 
and then slope and deflections are readily calculated by 
numerical method. The loadings and the end moments may not 
necessarily be the same and the end moments may be either 
due to load eccentricity or due to the rotation of the 
slab or beam resting on the wall. 
A notable feature of this method in comparison to 
other methods of analysis is the inclusion of small tensile 
22 
strength and ductility in the analysis which results in an 
appreciable effect on the strength of the walls. 	Compari- 
son of a few of these analytical methods with the experi-
mental results of Yokel et al.. showed good agreement. 
Turkstta., studied (24) strength of masonry walls under 
eccentric loading based on parabolic stress-strain relation-
ship of a short wall. 	Sensitivity of the wall to different 
shape/of stress strain curve was also studied. Eccentricity 
considered in the analysis is composed of (1) load eccen-
tricity and (2) accidental eccentricity, which is due to 
wrong alignment and defective construction of the wall, and 
is unavoidable. 
Similar to Haller's analysis, two cases were considered; 
one when the neutral axis lies outside wall section, and the 
other when the axis lies inside the wall section, i.e. the 
case when the tension cracks occur. 	The analysis completely 
ignores the tensile strength of masonry. 	Theoretical 
results so obtained were compared with the test results of 
Haller and Monk which showed reasonable agreement with the 
theory. 	This will be discussed in detail at a later stage, 
in Chapter 6. 
Prasan et al., 	 investigated the effects of 
eccentricity, bending due to unbalanced floor moments and 
horizontal reinforcement in bed joints on the load capacity 
of walls. 	The results of test on 43-  ins, thick wall loaded 
between reinforced slabshowed less reduction in strength 
of eccentrically loaded walls in comparison to similarly 
loaded walls between knife-edges. 
Elastic modulus, Poissorfsratio of mortar and tensile 
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strength and ductility in the analysis which results in an 
appreciable effect on the strength of the walls. 	Compari- 
son of a few of these analytical methods with the experi-
mental results of Yokel et al. showed good agreement. 
Turkastra studied (24) strength of masonry walls under 
eccentric loading based on parabolic stress-strain relation-
ship of a short wall. 	Sensitivity of the wall to different 
shapesof stress-strain curve: was also studied. Eccentricity 
considered in the analysis is composed of (1) load eccen-
tricity and (2) accidental eccentricity, which is due to 
wrong alignment and defective construction of the wall, and 
is unavoidable. 
Similar to Haller's analysis, two cases were considered; 
one when the neutral axis lies outside wall section, and the 
other when the axis lies inside the wall section,. i.e. the 
case when the tension cracks occur. 	The analysis completely 
ignores the tensile strength of masonry. 	Theoretical 
results so obtained were compared with the test results of 
Haller and Monk which showed reasonable agreement with the 
theory. 	This will be discussed in detail at a later stage, 
in Chapter 6. 
Prasan et al. j 6 investigated the effects of 
eccentricity, bending due to unbalanced floor moments and 
horizontal reinforcement in bed joints on the load capacity 
• 	of walls. 	The results of test on 43-  ins, thick wall loaded 
between reinforced slabs showed less reduction in strength 
of eccentrically loaded walls in comparison to similarly 
loaded walls between knife-edges. 	 • 
Elastic modulus, Poisson'sratio of mortar and tensile 
23 
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strength of brick are of importance in estimating brickwork 
strength. 	Use of reinforcement in mortar beds increases 
brickwork strength. 	Increase in thickness of mortar joint 
reduces brickwork strength. 	The limiting value of S.R. = 18 
specified at that time was conservative. 
Murthy and Hendry (18,65) initiated model studies 
related to brickwork structures. 	They did extensive tests 
on one third and one sixth scale brickwork and compared their 
results with the results of full scale tests previously done 
by Building Research Station, taking into account the effect 
of mortar strength, slenderness ratio and eccentricity. 
Slight variation was noticed between the two results. This 
study paved the way towards model testing in brickwork. 
Thus avoidsheavy expenditure of money and time spent on full 
scale tests. 	The model test results could form the pilot 
programme of the main full scale tests or even their results 
could be taken asconclusive as has been satisfactorily done 
in many cases. 
Francis, Harmans and 	 dealt with the 
mechanism of brickwork failure quantitatively and the effects 
of joint thickness and number of courses on brickwork strength. 
(20) 
Watstein et al. studied the influence of (1) organic 
modified high bond mortar, (2) ordinary sand mortar, 
(3) slenderness ratio and (4) eccentricity of loading have 
on the load bearing capacity of brickwork and on their 
elastic modulus. 	The test resultshowed: 
I" 
(1) An increase in compressive strength of prisms built 
with high bond mortar over conventional mortar. Also 
increase of the secant modulus of prisms built with high 
bond mortar over prisms built with ordinary cement-sand 
mortar. 
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Ultimate strength of walls loaded at eccentricity of t/3 
and t/6 having slenderness ratio of 22.8 and built in high 
bond mortar showed higher strength over similar walls built 
in conventional mortar. 
There is a decrease in strength of walls and prism with 
increasing slenderness ratio. 
Turnsek and cacovic(2J)  studied the effects of axial, 
eccentric and horizontal loads on the strength, deformation 
and failure mechanism of brickwork. They measured the lat-
eral strain responsible for causing tensile splitting of 
brickwork. 	Aiso,,, based on the regression analysis of the 
test results of several walls they plotted a generalised 
stress-strain curve and compared the measured curve with 
the calculated curve which did not differ much in shape. 
p(22) published several reports dealing with the 
compressive, transverse and racking strength of masonry walls. 
Some of the reports also dealt with the slenderness effect 
on the compressive strength of wall panels. 	These reports 
-will be discussed later in Chapter 3. 
Morton (51)  did a detailed study of static and dynamic 
lateral resistance of brickwork panels. In this he showed 
that for a particular precompression, the lateral load 
capacity of brick wall decreases with the increase in 
slenderness ratio. 	He also studied the effect of gas 
explosion on the strength of brickwork. 
Based on Chen and Atsuta method Mazzolani(52)  studied 
tfhe 	
/ 
the strength of walls in/stable and unstable range by means 
0- 
ofastep by step simulation method. The stress-strain re-
lationship has been assumed to be elastic-perfectly plastic. 
The loading process takes into account the end axial loads 
25 
with different end eccentricities.. The study was carried 
01 
out with the help o±4cornputer. 	The method needs to be 
verified with the available test results. 
2.2. BLOCKWORK 
In the past concrete block structures did not attract 
as much attention as clay brick structures. This resulted in 
comparatively less study being carried out on block structures. 
Mostly the results of studies carried out on ..... brick 
structures were applied to them. The design procedure laid 
down in the building codes were similar to those used for 
clay brick structures. 	 - 
In the following section a brief review of the work 
carried out on different aspects of blockwork in general and 
slenderness effect on the compressive strength of blockwork 
in particular will be dealt with now. 
Early testing of block walls.started in U.S.A. Prior 
to 1932 little information was available regarding various 
factors influencing strength of walls. 	The only test re- 
sults available at that time were on pilasters and walls 
constructed mainly for fire tests. 	In 1932 Richart et alc 27 
conducted extensive tests to .study the different factors 
governing block wall strength. Apart from this the other 
objective%of their study werec- 
to establish a relationship between physical properties 
of masonry units, mortars and walls, 	. 
to study the stability and strength of concrete masonry 
walls under concentric and eccentric loads. 
They tested 69 storey height walls of 6 ft. length 
built with 16 ins. x 8 ins. x 8 ins, three oval core dense 
block of compressive strength ranging between 550 	to 
1570 p.s.i. 	The mortar which was generally stronger thantiKe 
& 
units had cylinder crushing strength between 670 p.s.i. at1d4 - 
26 
2200 p.s.i. 	The walls were cured for 32 days. 
In order to determine whether the small wall panels 
i.e. wallettes could be taken to be representative samples 
of storey height walls 2they also tested 42 wallettes 32 ins. 
long and 48 ins, high. 
The test results showed that 
- 	(1) compressive strength of large wall panels varied between 
335 p.s.i.hd 850 p.s.i. and is dependent on the strength 
of block rather than on the mortar. strength, 
average ratio of wall to block strength was found to be 
0.53 which remained constant, 
the wallettes strength could be taken to be representative 
of the actual storey height walls because strength ratio of 
wall to wallette is 0.91, 
the compressive strength of 8 ins, wall made with 3-oval 
core units with face-shell mortar bedding was about 80% of 
that obtained from similar walls with full mortar bedding. 
The flexural strength was almost the same for both cases, 
initial modulus of elasticity varied between 0.3 x 10 6anct 
1.17 x 106 S. i.. . 	 . 
the values of modulus of rupture vary from 18 p.s.i. to 
5Op.s.i., 
the walls in which the eccentric load was applied at 
the edge of the middle third of the wall thickness deformed 
very consistently and developed strengths averaging 76% as 
great as were obtained for dxL1: loading, 	 / 
the factor of safety of walls in axial compression based 
upon working stress of 70 to 80 p.s.i. for units with an 
average strength of 700 p.s.i. or more varied from 5.0 to 11.5. 
27 
In order to study the influence of mortar and block 
strength on the walls, Copeland and Timms (28) tested 
wallettes built with hollow units of strength 320 to 4180 
p.s.i. and mortar ranging from 150 p.s.i. to 4800 p.s.i. 
and found the strength ratio lyingO. 33cntdO.79. 	The test (\ 
result showed that for a specific mortar strength, wall 
strength increases linearly with block strength and that 
the potential strength of the wall can be obtained by using 
mortar at least as strong as the blocks. 
Kristen and Schulze (29) carried out tests similar to 
(27) 
those carried out by Richart et al. on the walls and 
wallettes made with various types of blocks and found the 
wall to wallette ratio as 0.81 which is not very different 
from those found by Richart et al. (27).  
In 1939 Whitmore, Stang and 	 tested single 
leaf cavity walls under compressive transverse, concentrated, 
impact and racking. load! 3. . In compression test4failure of 
single leaf wal]t was by vertical splitting of different X 
courses and crushing of top four courses. 	In cavity walls 
failure occurred in the loading. 	Failure under lateral 
loading was by rupture of the bond between the facing and 
backing at the bed joints. In racking tes*loads  were 
applied near the upper end of each wall specimen to a bearing 
plate covering both facing and backing. 	In the case of the 
walls built with mortar of approximately the same strength 
as that of the block, the failure was by crushing of blocks 
in both the •faces and diagonal shear along a diagonal path 
through the blocks. 	Failure of walls built with weaker 
mortar than block was by rupture of bond between the mortar 
r4.J 
and the block in a stepwise crack. 
0- 
 Based onanumber of test results of the walls built 
of solid and hollow blocks, Herxnann 	in 1943 formulated 
an expression between blockwork strength, block and mortar 
strength as 
W = Kjf 52 
where W = blockwork strength 
m = mortar strength 
s = block strength 
K = block characteristic constant having different 	s 
values for different mortar and block strength ratio. 
Nylander 	investigated strength of walls built with 
block and mortar other than the ones he used in his tests 
before. 	Three wallth from each specimen were tested wider 
axial and non-axial loading applied at top and bottom, in 
opposite and in same direction. On the basis of these test 
results he developed a formula in which he related wall 
strength with mortar and block strength as 
where m and s are mortar and block strength respectively 
K= characteristic constant of the block. 
This formula is valid when the properties of blockwork 
such as thickness of the joint dimension of the block are 
constant. 
In order to study physical properties of block, bond 
between mortar and block, strength of masonry and effects of 
racking and flexure loads Fishburn 	in 1961 conducted 
tests on walls of hollow blocks and of composite construction. 
From these test results he concluded that mortar strength had 
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little effect on strength of blockwork and the walls with 
their bed joints parallel to the span were three to four 
times stronger than similar walls when tested with bed 
joints normal to the span. 	Failure always occurred in 
bond indicating that the tensile strength of mortar was 
greater than its bond strength to the masonry. 
Copeland and saxer 4 tested a good number of block 
couplets in order to study the influence of various 
variables on the strength of masonry. 	Tests showed that 
the type of Portland cement, lime and admixtures in mortars, 
specimen storage, re-tempering of mortar, all these factors 
had little effect on the tensile bond strength. However 
factors such as compressive strength of mortar and its 
consistency, method of curing, had important effect on the 
tensile bond strength. Damp curing resulted in tensile bond 
strength of epoxy joints bEthg higher than the tensile 
strength of the concrete. 
Palrners and parsons 	and other investigators observed 
that mortar with high compressive strength yielded higher 
bond strength and also proper curing of joints had a marked 
effect on the bond strength of the masonry. 
In order to determine tensile bond between brick and 
mortar Keuning 	tested crossed brick couplet using tripod 
method as described in A.S.T.M.E 194-66. 	He found that due 
to high magnitude of bending during experiment, the couplet 
is more highly stressed at the edges of the mortar joint than 
at its centre, developing larger tensile stresses at the 
ends and resulting in an early failure. 
Hedstrom 	studied the compressive and flexural 
30 
strength of blockwork laid in nine different patterns and 
compared the result obtained with that of conventional 
running bond pattern and concluded that various patterns 
are satisfactory for load.bearing purposes. 	He also 
studied the effect of block and mortar strength on the 
• 	blockwork strength and like other (previous) investigators 
he concluded that blockwork strength depends on the block 
strength and is little affected by mortar strength. 
In 1966, 	 conducted axial tests on storey 
height block walls built with solid and hollow blocks of 
crushing strength 1560 p.s.i. and 4640 p.s.i. respectively. 
1:1:6 cement:lime:sand mortar mix was used and walls were 
tested after being cured for 28 to 39 days. 	The failure 
in the wall was by tensile vertical splitting and crushing 
of upper portion of the test walls. The wall to block 
strength ratio varied from 0.52 to 0.78. 	Based on these 
test results the modulus of elasticity was related to 
block gross strength Pb  by the following formula 
E = 850 
Erntroy and Weeks 	tested axially loaded walls 
constructed of 8 ins. x 8 ins. x 16 ins, hollow concrete 
blocks with plain and reinforced concrete infill. 1 :1:3 
cement:lime:sand mortar had compressive strength of 5360 
p.s.i. and the blocks strength varied between 1370 p.s.i. 
ancL2400 p.s.i. The test result showed that 
infilling increased wall strength by about half, 
vertical steel reinforcement increased the wall reinforce-
ment by about 25% but did not have any effect when low 
strength blocks were used for wall construction, 
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c) horizontal steel in addition, to vertical reinforcement 
caused a further 10% increase in wall strength. 
Because of the limited amount of test data available 
on the compressive strength of slender concrete masonry 
walls, Yokel( 4041 ) et al. tested a number of block walls 
under vertical load. 	The objective of their test was to 
determine and analyse the effects of wall slenderness and 
load eccentricity on the strength of the slender concrete 
walls. 	They tested 60 reinforced and unreinforced walls 
of 6 ins, and 8 ins, thickness respectively. 	The walls 
were 4 ft. wide, 10 ft., 16 ft. and 20 ft. in height. 
Blocks used in the walls had dimension 8 ins. x 8 ins. x 
16 ins, and 6 ins. x $ ins. x 16 ins. 	The mortar strength 
varied from 700 p.s.i. to 1768 p.s.i. and block strength for 
6 ins, thick wall was 2280'p.s.i. and for 8 ins, thick wall 
was 2213 p.s.i. 
Along with these walls they tested 2-block and 3-block 
high prisms in order to determine the effect of prism height 
on the prism strength. 
Wall panels were tested in a steel frame with an 
adjustable top cross beam that could be raised or lowered 
to take care of various wall heights. 	Loads were applied 
by means of hydraulic rar4attached to the cross beam. 
- - The test set up was so designed as to prevent any 
rotation at the base of the wall while permitting• 
free rotation at the top. Lateral drift was checked by 
tying the loading frame to the laboratory wall. Vertical 
strain was measured by attaching a 2 ins. diameter aluminium 
tube to the side of the wall. The top of the tube had 
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pinned connection to the wall and at the lower end it was 
attached to a guide which kept the tubes in line with the 
centre line of the wall but allowed the tube to slide down-
wards as the wall shortened under the load. 	Fig. .2.7. 
shows the test set up. 
16 ft. and 20 ft. 6 ins, thick reinforced walls 
failed at 4 to 7 courses from the top. Fig. 2.7. 	shows 
the failure loads of these walls. 8 ins, thick unreinforced 
walls, when loaded axially, failed by tensile vertical 
splitting and crushing of top and bottom courses. 
In the analysis of the test results they assumed a 
linear stress-strain relationship and the compressive 
strength in bending of a prism equal to compressive strength 
of an axially loaded prism. . Based on these assumptions and 
load-moment interaction diagram, they predicted the strength 
of a slender concrete wall under compressive eccentric and 
combination of eccentric and transverse loads. 
From their test results and analysis they concluded 
theoretical interaction curves for the capacity of short 
concrete masonry walls closely predict axial compressive 
load capacity and conservatively predict moment capacity, 
Flexural compressive strength of masonry increases 
with increasing strain gradients (increasing load eccentricity), 
slender concrete masonry wall capacity can be conserva-
tively predicted by moment magnifier method, when short, wall 
capacity is based on compressive strength of axially loaded 
prisms, 
the capacity of short and slender concrete masonry walls 
can be predicted with reasonable accuracy when the increase 
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in flexural compressive strength with increasing strain 
gradients is taken into account. 
In 1972 Read and Clement (42) published two reports, 
the first report was on the construction of and proving of 
a suitable test frame for concrete block walls, in which 
they tested 11 walls built in 1:*:3 cement:lime:sand mortar 
mix (having 4 ins, cube strength between 1335 to 5610 p.s.i.) 
in order to test the suitability of the testing frame for 
testing masonry walls with maximum dimensions of 8 ft. 10 ins. 
high and 6 ft. 6 ins, wide. 	Similar 	.tests carried 	) 
out at Building Research Station were repeated in this 
frame so as to compare the performance and reliability of 
the two machines. Failures in all the walls was by splitting 
and the tests on two groups of four identical walls showed 
a coefficient of variation of 6%. 	Read and Clements' test 
results were 10% and 25% higher than the Building Research 
Station results for low strength and high strength walls 
respectively. 	The variation in wall strength character- 
istics were due to the variable character of the material, 
workmanship and the capping. The strength ratio varied 
from 0.44 to 1.04, the lowest value being for the wall built 
in blocks with the highest crushing strength. The modulus 
of elasticity E ranged from 1.12 x 106 to 2.33 x 10 p.s.!. 
Block strength varied from 1360 p.s.i. to 3755 p.s.i. 	The 
lowest value of E was obtained for walls built in lowest 
strength cellular blocks. 
In the second (43)  phase of their investigation they 
tested 38 walls and 2000 control specimens. 	Factors such as 
strength ratio for the wall and the masonry couplets, the 
.4 
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slenderness effect using three different slenderness ratio 
(by changing the wall thickness instead of height of the 
wall), stiffness of units and walls and their failure 
characteristics were studied. 	Suitability of two block 
high couplets over one block as control specimen was also 
investigated. Walls measuring 8 ft. 6 ins, high and 5 ft. 
11 ins, wide were built in 1:1:3 mortar mix having high 
crushing strength. The strength of mortarwas assessed 
by crushing 4 ins. cubes. 	Solid and hollow concrete blocks 
of strength 855 p.s.i. to 4365 p.s.i. were used in the wall. 
The walls and other specimen were built and tested in 
accordance with B.S. 2028-1968 and C.P.11l Part II - 1970. 
For the solid block wall the mortar mix was much higher than 
{Me 
the block strength. 	Since(single block couplet was easier 
to prepare in comparison to the two block couplet they con-
cluded that it is advantageous to usesingle block couplet 
as control specimen. 	The single block has a ratio of 
height to thickness which is sufficient to prevent the load 
at failure being very much affected by platen restraint 
which would be evident on smaller units. 
They also suggested large increase in basic permissible 
stress can be obtained if the designer has sample wall 
panels tested in axial compression. 
Slenderness effects were investigated by altering the 
thickness of the wall while keeping other dimensions constant. 
The result showed that there is an increase in strength of 
wall with the increase in slenderness ratio, which contra-
dicts the test results of several previous investigators and 
indicates that slenderness ratio is not a critical variable. 
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By changing the thickness of the block there is corresponding 
change in the shape factor of the block. 	The effect of 
shape factor on the strength of wall has not been studied 
in detail so far. Read and Clement suggest further study 
to be carried out on this aspect. 
The stiffness of the wall was determined by using ex 
.e extensometer at each corner to obtain average value of E 
over a large gauge length and by taking more localised 
readings across and between mortar joints usihg°i4 ins. 
gauge length ]Jemec Gauge. 	Based on these, studies they 
suggested that more research should be carried out to study 
the measurement of strain in and around mortar joint. 
Rostampour 4 studied design aspects of multi-
storey buildings in lightweight concrete blocks. He 
investigated (i) ultimate strength of wall panels under 
axial compression, (ii) the ultimate shear strength of single 
storey shear wall structures with openings, and (iii) be-
haviour of a five-storey shear wall structure subjected to 
lateral loading. 	In order to ascertain the suitability of 
model blocks, he tested ,a number Of full scale and one-third 
scale storey height panels built with four varieties of 
light weight aggregate concrete blocks covering a wide 
strength range. 	His test resultk  showed that it is possible 
to reproduce, with reasonable accuracy, the strength of full 
scale blockwork by means of model tests. 	Other relation- 
ship and properties such as stress-strain, modulus of 
asticity, Poissons ratio tensile strength, ultimate load 
and mechanism of failure were also investigated by him. 
He also tarried out several racking tests on one-third 
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scale single storey coupled shear walls connected through 
slabs. 	Deflections, strains, ultimate shear strength and 
failure mechanism under a set range of precompression were 
studied. 	The test result showed that blocicwork shear wali4 
depending on the amount of applied precompression, exhibit 
two distinct types of failure, (i) shear failure, a combi-
nation of bond and frictional resistance due to precompres-
sion, (ii) tensile failure, governed by the maximum tensile 
strength of blockwork. 	
te 
He further analysed the structure by, finite element 
method and equivalent frame analogy method and found that 
0- 
both methods giveclose estimate of stresses and deflection 
at high precompression. 
2.3. SUMMARY 
In this section the work of a number of investigators 
dealing with various aspects of the problem of strength of 
walls has been considered such as (1) tensile and compressive 
strength of masonry units, (2) compressive strength of mortar, 
(3) eccentricity of loading, (4) bond type, (5) relationship 
between block and couplet strength and masonry strength. 
However it is found that notmuch attention has been paid 
by any of them towards slenderness effect on the compressive 
strength of walls. 	Such test evidence as is available 
is conflicting. 	This provides further justification of 
the objective of the investigation' as defined in Chapter l 
(to study this aspect in detail). 
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CHAPTER 3 
AXIAL TESTING OF ONE-THIRD SCALE MASONRY WALLS 
3.1 INTRODUCTION 
The object of work presented in this chapter was to 
test one third scale. 
2 ins, thick (6 ins, equivalent) lightweight concrete 
block walls (AgLite) corresponding to CW series. 
1.5 ins, thick (41 ins, equivalent) single leaf brick 
walls corresponding to WM series. 
3 ins, thick (9 ins, equivalent) bonded brick wall 
corresponding to DV! series. 
These walls were tested axially in the Avery Universal 
Testing Machine under flat ended conditions. 
The model test results reported here can be applied 
on full scale structures, because for the blockwork Hendry 
and Rostampour ( 25 ) have shown, that the strength of full 
scale blockwork for a given strength of block and mortar 
may be reproduced by means of model tests, provided mortar 
joints are scaled down, sand used for the models to be 
sieved and coarse fraction discarded. 
Similarly for the brickwork Murthy and Hendry (18) 
have established that the strength of brickwork for a given 
strength of brick and mortar can be reproduced by means of 
model tests if one inch mortar cubes are used for the deter-
mination of mortar strength. 
3.2 TEST PROGRA1VII1E 
The test programme consisted of testing walls of 
different height corresponding to different slenderness ratio. 
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Blocks of size 6 ins. x 3 ins. x 2 ins, were cut 
from the Lull scale light weight blockpof size 18 ins. x 
8 ins. x 3 ins. 	They were cut in&"Clipper" machine using 
abrasive; blades and4wet cutting process. 	The compressive 
strength of these blocks were tested in accordance with 
B.S. 2028-1364-1968. 	Table 3.1 gives a summary of 
their properties. 
3.3.2 Bricks 
One third scale bricks were used. 	Bricks came in 
batches so their strength varied. 	They were tested in 
accordance with B.S. 3921-1969 (Part 2).( 89) 	Table 3.2 
gives a summary of their properties. 
3.3.3 Lime 
Hydrated lime, Class A was used to conform with 
B.S. 890j47) 
3.3.4 Cement 
Rapid hardening Portland cement (Ferrocrete) was used 
for all mortars to give early mortar strength. 
3.3.5 Sand 
3.3.5.1 Block walls 
For block walls ordinary building sand sieved to 
remove coarse particles was used. 	The grading is 
shown in Table 3.3. 
3.3.5.2 Brick walls 	 A 
For brick walls dry Leighton Buzzard 25/52f was used. 








Length (ins.) 5.7 - 5.9 5.84 0.068 1.1% 
Width (ins.) 1.89-2.09 1.976 0.1 5.0% 
Height (ins.) 2.93-2. 86 2.886 0.029 1.00/0 
Compressive 
Strength 1600- 2281 1887.6 226 12.0% 
P. s.i. 
NOTE:- Average Block Density = 83.0 lb/cu. ft. 
TABLE 3.2. 
BRICK PROPERTIES 
Properties Range 	Mean Standard 	Coeff. 
Deviation Variation 
Length (ins.) 2.94-3.09 	3.005 0.036 	1.2% 
Width (ins.) 1.375-1.44 1.42 0.022 1.5% 
Height (ins.) 0.91-0.97 	0.94 0.015 	1.6916 




Absorption (%) 12.9-16.12 	13.85 0.86 	6.2% 
NOTE:- 	Average Brick Density = 138.6 lh/cu.ft. 
TABLE 3.3. 
SIEVE ANALYSIS OF ORDINARY SAND USED IN CONSTRUCTION OF ONE 
THIRD SCALE BLOCK WALLS (BS 1200-1955) 
BS 	Sieve No. % Passing by weight 	% retained 
1/8 98.5 1.5 
7 98.0 0.5 
14 96.7 1.3 
25 92.9 3.8 
52 •63.4 9.5 
100 17.3 46.1 
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Fig. 3.4. STRAIN 	MEASURING 	ARRANGEMENT 
3.3.6 Mortar 
For block walls 1:1:3 cement:lime:sand mix was used. 
Water-cement ratio varied from 1.01 to 1.1. 	For brick walls 
1:3 cement: sand mortar mix was used. 	Water-cement ratio 
varied from 0.8 to 0 , 95. 
Each batch of mortar was mixed by hand and proportions 
were made up by weight. With each wall six one-inch cubes 
were made by hand compaction in the mould. After 24 hours 
the cubes were removed from the mould and stored in water 
for seven days after which they were cured at laboratory 
temperature before being tested in Instron machine. 
3.4. EXPERIMENTAL PROCEDURE 
3.4.1 Construction of Walls 
3.4.1.1 Block walls 
Walls CW6, CW12, CW17, CW24 and CW29 were built in 
wooden jigs of required size. 	The thickness of the mortar 
bed was scaled down to * in. •thick. 	For this purpose guide 
lines were drawn on the wooden backing of the jigs to mark 
each course of blockwork. 	The jigs were then fixed plumb 
on to steel base channel of size 2 ins. x 4 ins. 	Mortar 
for the walls was prepared in mall quantity, 
enough to be used for half an hour. Walls were cured undera 
A 
polyethene cover for a minimum of seven days before testing. 
3.4.1.2 Brick walls 
Nominal 1.5 in. thick (41 ins, equivalent) walls of 
%VN series in stretcher bond were built in a similar manner 
as the block walls. 
Nominal 3 ins, thick (9 ins, equivalent) walls of B1W 
series were built in English Bond without jigs up to 36 ins. 
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high (B1W12) as the mason thought he could build to plumb 
without jigs, which ultimately did not turn out to be so. 
54 ins, high walls (BlW18) were built in a jig on a steel 
plate of size 60 ins. x 20 ins. x 34 in. 	Plate 3.1 shows a 
wall being built in wooden jig. 
3.4.2 Testing Method and Measurements 
Kvie 
The walls built were taken toAvery.Universal Testing  
Machine eitherher by crane (Plate 3.2) or manually ontro1ley, 
depending upon the height of the wall, and were placed so 
that the centreline of the loading platen was in line with 
the centreline of the wall. 	Prior to each test ins. x 
2 ins. x 20 ins, steel beam for block walls (cw series), a-
1.5 in. x 2 ins. x 20 ins, steel beam for single leaf 
0 
brick wall (WM series) andd3 ins. x 5 ins. x 20 ins, steel 
beam for bonded walls(B1W series) were bedded with 1:1 
cement:sand mortar on top of the wall and then levelled in 
two perpendicular directions by gradually applying the load 
through the machine platen in order to have even distribution 
of load over the section of the wall. Walls CWG and CW12 
were not capped in Avery Machine, but were capped and 
levelled before being placed in the machine by means of 
hammer and spirit level. 	The top of the wall was cured 
for 24 hours underpolythene cover before being tested. 
Plate 3.3. shows wall ready for test. 
3.4.2.1 Application of load 
The load was applied by means of4Avery Universal 
Machine. For the block walls and single leaf walls the 
load was initially applied at one ton intervals up to ten 
tons, and then at two ton intervals up to failure. 	For 
- 	 - 	 I 
PLATE 3.1. CONISTRUCTION OF WALL. 	 PLATE 3.2. WALL BEING TRANSPORTED TO M/G. 
I 
PLATE 3.3. WALL READY FOR TEST. - WM 
the bonded walls the load was applied at two ton intervals 
up to about sixteen tons, and then at four ton intervals 
up to failure. A j in. thick plywood sheet was placed 
between the4op platen of machine and,j,ppreader beam in 
order to take care of any gap left between them. 
3.4.2.2. Strain measurement 
- 	3.4.2.2.1. Block wall 
Vertical strain was measured by fixing Demec studs 
on each face of the walls CW6, CW12 and CW17,(Fig. 3.4a), 
and reading the value by means of Demec Gaugekof 6 ins, 
8 ins, 12 ins, and 24 ins, gauge length depending upon the 
height of the walls. 	The average of four readings gavee 
final strain value for each load. 	For walls CW6 the hori- 
zontal strain was measured by the same method as the 
vertical strain. 
For CW24 and CW29 walls 7 two compressometers of 33 ins. 
and 48 ins, average gauge length respectively were fixed on 
each face of the wal 
S 
different loads ;'ig. 
pressometer readings 
load interval. 
L and their reading recorded under 
3.4b).i3averae of the four com-
gave the value of strain for each 
3.4.2.2.2. Brick walls 	
£ 
Strain was measured in a similar way as for block wall5 
S 
except that in the case of bonded wal]ofAB1W series 
compressometers of 46 ins, average gauge length were used 
for 54 ins, high walls (BlWlS). 
3.4.2.3. Lateral deflection 
This was measured by fixing dial gauge of 0.0001 inch 
sensitivity. 	One dial gauge was fixed at the topmost 
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course, other at the mid-height of the wall and the third 
-: 	
at 3 ins, above the base of the plate. 	This arrangement 
was adopted for walls up to a height of W 34 ins.. for 
• 	blOck walls, (ii) 27 ins. for single leaf brick walls, 
• and (iii) 36 ins, for the bonded wall. 	For higher walls 
- 
	
	these gauges were fixed at a distance of 12 ins. c/c along 
-. the height of the wall. Plate 3.3. 
3,4.2.4. End rotation 
End rotations for some brick walls were measured either 
• by using electrolevel or by using brackets and dial gauges. 
• In the latter case holes were drilled in the topmost and 
the 10 viRmost courses of the walls. 	Through these holes 
brackets were attached by means of nut and threaded rods. 
Dial gauges of 0.0001 inch sensitivity were then placed 
at the ends of these brackets. 	Fig. 3.5. shows the detail 
of this arrangement. 
3.5. RESULTS 
A summary of the results of the wall tests and a 
comparison of reduction factors given in C.P.111-1970 
(Amendment Slip No-1) is given in Tables 3.4. and 3.5. 
3.6. DISCUSSION 
3.6.1. Modof Failure 
3.6.1.1. Block walls 
First cracking sound generally occurred at 80-90% of 
the failure load. 
I General mode of failure was by vertical 
tensile splitting, crushing, spalling and shear. 
In Cw6 walls failure was mainly by vertical splitting 
and crushing of different courses. In some walls diagonal 
shear. cracks were observed. 	This was due to restraining 
NT 
lAbLlii ).4. 
RESULTS FOR BLOCK WALLS 
Wall No. S.R. Age of Mortar Age of Ultimate Ultimate Average Reduct- R.F. E at *th Average Eccen- 
Cubes Strength Wall load stress stress ion Based of ult. E tricity Remarks 
days p.s.!. days ton p.s.!. p.s.!. Factor on C.P. stress, p.s.i. "e" 
R.F. 111(1970) x 10 
1 2 3 4 5 6 7 8 9 10 51 11 12 13 14 
CW6-1 5.4 35 2113.5 41 25.7 1617.1 0.93 t 	t 
Cw6L2 5.4 35 45 45 26.0 1641.6 0.94 - 0 10 
CW6-3 5.4 63 1851.45 6 23.2 1443.0 1459.1 1.0 1.0 1.04 0.93x106 - 75 
CW6-4 5.4 59 1768.6 52 21.0 1306.2 0.86 - 0 27 
cw6-5 5.4 59 1511.45 55 20.7 1287.54 0.87 
tt .-  
CW12-1 10.8 62 2778.6 60 21.0 1321.0 0.91 - * 
CW12-2 10.8 65 3919.74 62 21.5 1352.8 1.08 - 
CW12-3 10.8 36 3114.54 29 21.9 1362.6 1276.4 0.87 0.87 1.05 LOx 10 6 
 t - 
CW12-4 10.8 34 2798.4 28 19.4 1206.7 1.12 - 0 
CW12-5 10.8 64 3561.14 61 18.1 1138.9 0.84 .- 12 	40 
CW17-1 15.5 17 3463.15 16 17.56 1092.23 0.78 - 0 57 
CW17-2 15.5 17 3529.7 15 19.2 1194.5 0.87 0.9x106 T7 	77 
0W17-3 15.5 30 3274.3 33 17.9 1113.2 1112.8 0.76 0.739 1.00 - 
CW17-4 15.5 14 3190.0 12 16.9 1051.18 0.92 - 17 	T7 
CW24-1 21.6 73 3009.0 73 18.8 1169.8 0.8 IU - 17 
CW24-2 21.6 67 3072.8 58 16.5 1026.3 1065.8 0.73 0.57 0.97 0.84x106 
CW24_3 21.6 63 3022.9 61 16.1 1001.42 0.76 - 0 22 
CW29-1 26.7 34 2850 21 17.15 1067.07 0.904 15. 	47 
CW29-2 26.7 30 2442.7 20 19.10 1188.02 1129.2 0.77 0.443 1.06 100x106 -26 - 775 
0W29-3 26.7 29. 3234.7 23 18.2 1132.4 1.08 IU - 15 
TABLE 3.5 
TEST RESULTS FOR BRICK WALLS 
:a11 S.R Cube Mortar Age Ultimate Ultimate. Average Reduction Reduction Modulus Eccentricity 
Strength of Load in stress stress Lactor factor of ems- 
esig- Age Cement: wall tons. o.s.i. p.s.i. R.F. based on ticity e 




1 2 3 •t' 5 6 7 8 9 10 stressli 12 
lW61 5.4 17 2116.6 15 61.4 2350 0.66 0 
12m78_2 5.4 30 3876.6 16 64.4 2466.5 2478.0 1.0 1.0 0.76 -.- - 0 1. 
1-46-3 1 5.4 25 3544.0 24 68.2 2612.1 0.67 77 	- 0 1 
flWB-1 7.2 12 3051.4 12 63 2412.9 0.73 - 51 
[I.-P-3
78-2 7.2 10 2318.8 8 65 2490.0 
- 
 
2469.3 0.995 0.97 0.67 
7.2 20 3940.0 14 65.4 2505 .. 0.70 - 0 43 
81712-1. 10.8 14 2937.0 9 58,2 2229.06 0.64 !_ 31 
31712-2 10.8 15 3121.4 12 74.0 2834.2 2466.5 0.995 0.87 0.62 -0 
31712-3 10.8 13 3113.7 12 61.0 2336.3 0.68 - 0 
31718-1 16.2 36 3322.7 24 72.9 2792.1 0.72  i-O- 0 
31718-2 16.2 44 3891.7 36 65.2 2497.2 2662 1.07 0.73 0.69 00 - 0 




7:6-i 5.4 17 2286.6 13 32.2 2653.3 - 0.64 -75 
5.4 16 2340.6 14 31.2 2570.6 2586.2 1.0 1.0 0.8 - 73 
Z16-3 5.4 13 2094.6 11 34.4 2834.6 0.6 
- 33 	157 
7X12-1 10.8 16 2651.05 16 33.5 2760.4 0.75 -. -079 
,Ml2-2 10.8 21 2072.6 18 36.4 2999.4 2785.1 1.04 	. 0.87 0.73 t - 0 73 
.oa2-3 10.8 15 2285,8 9 31.5 2595.6 . 0.73 - 
Ai18-1 16.2 14 4003.3 14 25.9 2134.2 0.79 - 
E-2 16.2 28 3834.2 30 27.3 2249.5 2180.8 0.81 0.73 0.68 ,$- - 0 
C-8-3 16.2 32 3721.2 24 26.2 2158.8 •. 	 . 0.52 
- th 
cc25-1 22.5 34 3484.8 30 ?f) (1582.08) 0.68 - Brick 2 	less 
C25-2 22.5 42 5192.0 40 0.723 0.55 0.76 car,brick 	and so (Q4) (i6S.9) adjusted. 




action of the machine platen as well as due to high strength 
of mortar in comparison with block strength. Wall CW12 
failed mostly by vertical splitting and spalling. 	There 
were vertical and wedge shape cracks in the thickness of 
the wall. Wall CW17 failed mainly by development of 
tensile crack in the 2nd, 4th, 6th and 10th course from the 
top. 	These cracks widened with the increase in load. 
Except. for wall CW17-2 no crushing and spalling was 
observed during the failure process. 	In wall CW24-1,2,3 
failure was initiated by the development of tensile cracks 
followed by crushing of blocks either in the top three 
courses or bottom three courses. 	Wall CW24-2 buckled 
just before failure. 	In wall CW29 failure was initiated 
by spalling and crushing of the top five-six courses 
accompanied by vertical tensile splitting. All the walls ex-
cept 0W29-2 had a few vertical tensile splitting cracks. 
Wall CW29-1 had wedge shape cracks in the thickness of the 
wall. 	Plate (3.4 to Plate (3.5) show various modes of 
failure of the walls described above. 
As is well known the various modes of failure described 
are mainly due to the presence of triaxial state of stress 
in the block and mortar. 	The vertical stresses occur due 
to application of load and the lateral stresses due to 
different strain values of the two materials. 	If the 
strength of the block is higher than the strength of mortar, 
the mortar will try to expand more than the block, thus 
expansion of mortar will be resisted by block which will 
induce tensile stress in the block, and compressive stress 
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stresses exceed the tensile stress of the block. On the 
other hand if the block strength is less than the mortar 
strength, the states of stress in block and mortar joints 
are reversed and instead of mortar the block is in a state 
of triaxial compression. 	Once these induced stresses 
exceed the block strength, shear failure across an inclined 
plane in the block occurs. 
Bi-lateral stresses which act along the interface of 
a strong brick and weak mortar are concentrated sharply at 
the edges of the interfaces producing high lateral tensile 
stresses in the brick units in these regions When these 
stresses exceed the strength of brick, tensile splitting in 
the brick along the edges in the direction of the length 
of brick occur, resulting in spalling failure. 
3.6.1.2. Brick walls 
3.6.1.2.1. Single leaf walls of WM series 
The first hair line crack in these walls appeared. at 
60-80% of the ultimate load, which enlarged with further 
increase in load. 	General mode of failure of the walls 
was tensile vertical splitting accompanied by crushing and 
spalling of various courses of brick. 	Plate 3.6 to 
3.9 shows mode of failure of various single leaf walls (WN). 
Wall 1NN6-1 failed by local crushing of the top course 
accompanied by spalling of brick in the 4th course on both 
faces of the wall. 	There was alsoavertical crack in the 
thickness of the wall beginning in the 2nd course from the 
top and extending down to the third course from the bottom. 
WM6-2 failed by local crushing in the middle 1st course, 
spalling in the 2nd and 3rd course accompanied by vertical 
41 
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crack beginning in the 6th course from the top and 
extending up to the bottommost course. 	There were also 
cracks in the thickness of the wall. 	WN6-3 failed by 
spalling in the 2nd and 3rd course, vertical splitting in 
the 6th and 7th course in the face of the wall, and also 
in the topmost course in the thickness of the wall. WM12-1 
c 
failed with the development of crackin 2nd, 4th, 6th 
and 7th courses 7 spalling in first to 5th courseon one 
side of the wall, also spalling of 2nd and 3rd cours4on 
the other side of the wall and crushing of topmost course. 
In WM12-2 failure was by spalling of the 13th course from 
the top, vertical splitting in the centre of the wall on 
both faces, also in the thickness of the wall on both the 
ends, and finally crushing and spalling of three courses. 
Wall WM12-3 failed In away similar to WM12-2, except that 
there were no vertical cracks in the thickness of wall. 
Wall WM18-1, WM18-2 and WN18-3 failed with crushing and 
spalling of top courses accompanied by vertical splitting 
on both faces of the wall. WN18-2 had vertical splitting 
in the thickness of the wall as well. 	In walls o4WM25. 
group no crack was observed in the thickness of the walls. 
These walls failed • by appearance ofavertical hair line 
crack which started to develop in the centre and in the ends 
of the wall. 	These cracks generally started in the 3rd or 
4th course and extended throughout the wall's height. After 
development of these cracks, the wall started to buckle 
until it failed. 	Turnsek and cacovic(2 suggest that 
because of widening and lengthening of these vertical cracks 
the wall is divided into separate columns, which in turn 
buckle. with the increase in load. 	 . 
L6 
3.6.1.2.2. Bonded wails of B1W series 
In this series the first crack appeared at 70-80% 
of the ultimate load, and failure was sudden accompanied 
by explosive scatter of brickwork pieces as far as 10 to 
16 feet from the machine. 	Only a few walls failed with 
comparatively less explosion and could be photographed. 
The general mode of failure was by appearance of vertical 
cracks either in the sides or in the thickness of the wall 
or in both, and crushing of the top. few courses. 	Plate 
(3.8) to (3.9) show failure of various bonded walls (BlW). 
A notable feature was failure of vertical joints 
starting from mid-height and mid-course, and extending up 
to the bottommost course, in a stepped down form. 	This 
is similar to shear failure pattern, and could be explained 
due to lack of good bond between the brick and mortar joints 
which results in slipping of brick in an outward direction 
due to the presence of tensile stress, and thereby starting 
this process of failure (Plate 3.9 ). 	From the modes of 
failure described above for both series of wall, it is 
clear that the failure in all cases is strength failure 
(except for walls.WM25) rather than stability failure 
as was expected,because none of the walls had very high 
slenderness ratio so as to induce instability. 
3.6.2. Strain readings 	 . 	 . 
Strain readings on both faces of the block and brick 
walls were not abnormally different from each other, 
implying fairly uniform distribution of load on the walls. 
The differencin strain readings were higher in the initial 
stage of loading, but this reduced with the increase in load. 
t1!i1t 
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This could be due to unevenness of mortar bed which resulted 
V 
inreduced contact surface between brick and mortar inLt
iF  h .e un.- ( 
loaded wall, and when the load was initially applied there 
was concentration of stresses on this small contact surface 
which became plastic and got crushed, and bricks made 
contact over a greater mortar area. 
Eccentricity was calculated from strain readings. 
Details of eccentricity calculation are given in the 
Appendix. 	This eccentricity could also be due to lack of 
plurnbness of the wall. 	Fig.(3.7) to(3.11) show stress- 
strain curv4for block walls, Fi9Cs.(3..l2)to(3.15)for  WM 
walls, and Fij.(3.16) to(3.19) for B1W walls. 
From the literature review it is seen that although 
S - 	'C\I44S 6f,
ultimate strengthof 	walls andkmodullis  of elasticity 
have been reported by various investigators, comparatively 
few stress-strain curves of the walls under different stage 
of loading have been reported. 	It will be seen in 
Chapter 6 of Theoretical Analysis, how significant 
(15) the effect of1shape of stress-strain curve 	is on the 
bearing strength of the masonry walls. 	From the figures 
of the stress-strain curve reported in this thesis, it 
i 3 s seen that for walls of similar dimensioiand similar 	7' 
type of loading the stress-strain relationship varies. 
3.6.3. Modulus of Elasticit 
3.6.3.1. Block walls 
Stress-strain curveIfor finding E valuewereplotted 
k 
on the basis of an average of four strain readings. Modulus 
of elasticity determined for various walls is given in 
Table 3.4. As has been shown by earlier investigators, the 
17 
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E value is found to decrease with the increase in load. It 
fluctuated during small range of loading, but afterwards 
at about 25% to 30% of the ultimate load it started de-
creasing with the increase in load (Fig. 3.20). 
3.6.3.2. Brick walls 
S we-ic 
Stress-strain curves:vciplotted in a similar way as 
for block walls, except that for wall B1W18-3, in which 
an average of only three strain readings v4aS taken 1 as one 
of the compressometers did not work during the experiment. 
Table 3.5. gives the value of E for all the walls. 
In WM serieskE  value fluctuated during the small 
range of loading, but afterwards at about 25-40% of ultimate 
load it started decreasing with the increase in load 
(Fig. 3.21). 
In bonded walls of B1W series, this phenomenon of 
fluctuation in E value was not as dominant as in WM series. 
After reaching about 16-209/6 of ultimate load it started 
decreasing with increase in load, but not in the same 
proportions as in VIM series (Fig. 3.22). 
3.6.4. Deflection 
Lateral deflection measurement for block walls and 
brick walls showed that none of the walls deflected to the 
same extent, therefore no definite pattern of behaviour 
was obtained. 	Some of the walls deflected more at the 
top end as compared to deflection at mid-height. 	Some 
c walls had deflection curve similar toasine-curve. 	Fig. 
3.23 to Fig. 3.26 shows deflection curves at various 
stresses for CVI walls. 	Fig. 3.27 to Fig. 3.30 for VIM walls. 
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to stop this lateral movement at the top of the wall by 
restraining the spreader beam movement but this arrangement 
did not work out successfully. 	This irregularity in 
deflection may be due to i) variation in workmanship, 
(ii) variation in plumbness of the wall, and (iii) variation in 
properties of brick and mortar. 	Maximum deflections in the 
wall were insignificant to influence failure of walls except 
for WM25 walls. 
These deflection curves suggest that the effective 
height is 0.9H (H is actual height), rather than 0.75H as 
specified in C.P.111-1970. 	This seems to be justified, 
bearing in mind that for complete fixity the height coefficient 
is 0.5, and for the walls in actual buildings which are 
loaded between floor slab, the height coefficient is 0.75. 
In flat ended walls loaded between machine platen the 
fixity will be less than that provided by R.C. slab and so 
the value of 0.9 seems to be justified. 	This effective 
height in general for flat ended walls loaded between 
machine platens will depend upon the stiffness of that 
particular machine. 	Therefore the value of 0.911, as in 
this case, may not be the same for walls tested in some 
other machine. 	The subject of study of effective height 
is beyond the scope of this work. 	A detailed study based 
on test results is necessary in order to arrive at some 
definite conclusion. 	However an attempt to locate point 
of inflection is described in Chapter 4. 	. 
3.6.5. End Rotation 	 . 
The load-end rotation relationship fot the different 
walls, as shown in Fig. 3.35 to 3.36, show considerable 
variation. 	This is because of 1) different bond between 
WMI8 -1 
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mortar joints and bricks, 2) presence of gaps in the mortar, 
3) unevenness in the mortar bed, 4) uneven distribution of 
load, and 5) presence of micro-cracks in the brick. 	Due 
to the above-mentioned factors, rotation of masonry in a 
particular course may not necessarily be the same at 
various points on the same course length. 	This trend has 
been observed while measuring the rotations. Also walls 
with similar dimensions and similar loading conditions show 
different end rotations. 	The measuring gauges have 
sensitivity of 0.0001 inches and so slight variation in 
V 
rotation is monitoredy: these gauges. 	There are no test 
results available with which authors values could be compared. 
The rotation curves in some cases show higher rotation at the 
top end in comparison to the bottom end. 	This is expected be- 
cause of the difference in end fixity provided by the machine 
platens. 	Based on extensive tests a representative value 
of end rotation can be approximately estimated which can 
then be used in finding the fixing moments 	in order to 
calculate the effective height. Similar load-end rotation 
relationship has been observed for the wallsloaded between 
R.C. slab as described in Chapter 4. 
3.6.6. Slenderness Ratio 
3.6.6.1. Block walls 
tine 	tbe 
As was expected, wallofiCW6 group had maximum failure 
stress. 	The stress reduction factor for this wall is taken,. 
as one wall of CW12, CW17, CW24 and CW29 had lower ultimate 
stress than CW6. 	There was not much difference between the 
average failure stress of walls CW17 and CW24. 	This was un- 
expected.. Wall CW29 had an(verage failure stress little 
51 
higher than CW17 and CW24, which was again unexpected. This 
is because walls CW24 and CW29 were built in wooden jigs. 
This resulted in much more plumb walls than walls of cw6, 
CW12 and CW17 series. 	Similar test results were obtained 
for one third scale bonded brick walls of B1W series. Both 
types of wall were built by the same mason. 	Fig. 3.37 
shows the wall strength. 
3.6.6.1.1. authoi?s tests wi A 
As mentioned in the beginning, very few tests have been 
carried out on blockwork to study this effect. Therefore 
test results available for brick walls are compared in 
addition to the few available test results of block walls 
(Fig. 3.39). 	The reduction factors of the American test 
results (22) for 4 ins, thick full scale brick walls are 
lower than the reduction factors of OW walls. 	Reduction 
factor for 4* ins, thick one-sixth scale brick wall test 
(17) 	 0.- by Hendry et al., 	are the same up .tos1endernçss ratio 
of 12.0. Above this value the OW walls have lower values 
of reduction factor. 	The results of 4* ins, thick full 
scale brick wall testby Thomas 	show almost no decrease 
in strength reduction factor with .1. increase in, slender- 
ness ratio. 	Results of CW walls are on the lower side 
when compared with Thomas' results. 
Yokel et al. '(40) conducted tests on full scale two 
core concrete hollow block walls 6 ins, thick reinforced, 
and 8 ins, thick unreinforced, to study the effect of 
slenderness. 	The lowest wall tested corresponded to 
slenderness ratio of 20.0 for 6 ins, reinforced wall, and 
15.0 for 8 ins. unreinforced wall 
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compare his test results with CW walls because of the 
difficulty involved in calculating reduction factor due 
to the difference in taking slenderness ratio of the 
smallest wall, and also die to the difference in end 
condition. 	The 6 ins, thick reinforced wall showed con- 
sistent decrease in strength with the increase in slender-
ness ratio. 	For 8 ins, thick unreinforced wall the 
strength of wall of slenderness ratio 24.0 was found to be 
higher than that of wall of slenderness 15. 	This decrease 
is due to high strength of mortar used, and also probably 
due to better workmanship. 	As expected wall of slender- 
ness ratio 29.0 had lower strength than the strength of the 
other two walls. 
Read and Clements 	tested 8.5 ft. and 6 ft. wide 
walls built of hollow, solid and cellular blocks of 
different compressive strength. 	They varied the slender- 
ness ratio by changing the thickness of the wall, and found 
that reduction factor increases rather than decreases with 
the increase in slenderness ratio. 	This does not represent 
a true picture because by increasing the thickness of the 
wall the shape factor of individual units have been altered. 
This will have some effect on the strength of wall. 
3.6.6.2. Brick walls 
The average ultimate stress of Vfl412 wall was higher 
than that of W6. This could be due to better workmanship 
and plumb which is confirmed by referring to Table 3.5, 
Column 13, the eccentricity developed in WM12 walls is 
smaller than in \M6 walls. Walls WM18 and \VM25 had lower 
ultimate stress than the above walls as was expected. The 
53 
bricks used for wall WP425 were 20% less in compressive 
strength than the bricks of walls WMG, WM12 and WM18. 
This would result in lower strength reduction factor. 
On the basis of available relationship between brick. 
strength and brickwork strength the ultimate strength 
of %VN25 walls has been modified. 	Fig. 3.38 shows the 
strength of the brick walls. 
3.6.6.2.1. Comparison of Author's Test Results with 
other Tests 
Taking reduction factors for the squat wall W6 as 
one, the reduction factors for W1412 walls is increased, 
for WN18 and YTh'125 it is decreased. 	(Fig. 	3.39). 
These tests, when compared with 4 ins, thick full 
(22)  scale wall, American 	tests had higher reduction factor 
up to slenderness ratio of 23.0, above this value of 23.0 
the reduction factor is lower than the American tests. 
This could be attributed to difference in workmanship, 
which becomes important in the case of more slender walls. 
The reduction factors in American tests have been calcu- 
lated on the basis of lowest wall of slenderness ratio 4.3 
and not 6 	a in the authors test. 	It is assumed that there 
is no reduction in strength up to slenderness ratio of 6.0. 
If American test values are shifted from slenderness ratio 
of 4.3 to 6.0, then the difference between the two test 
results is reduced. 	While comparing different test results 
this aspect should be kept in mind. 	The test results of 
Hendry et 	 (Fig. 3.39) from model walls of 4* ins. 
equivalent thickness had some reduction factor up to 
slenderness ratio of 18,beyondthis value the reduction factor 
is higher than that of WM walls. 
54 
(ftc 
ins, thick bonded wal]of B1W series showed very 
little decrease in strength. 	Similar to CW29 walls, 
BlW18 walls had higher failure strength than walls with 
lower slenderness ratio. 	Since these BlW18 walls were 
54 ins, high the mason built them in wooden jigs. 	The 
workmanship and so the vertical alignment of these walls 
turned out to be better than that of smaller walls. 
Referring to Table 3.4. column 12, it is seen that the 
eccentricity of loading is lower for B1W18 walls. 	The 
reduction factors for S ins, thick full scale American (22) 
test walls are lower than that of 31W walls. 	Similar 
to 4 ins, thick full scale American (22)  test walls, the 
reduction factor for. S ins, walls is calculated on the 
basis of lowest wall of slenderness ratio 3.0. 
The various test results discussed here will be com-
pared with the C.P.111-1970 in Chapter 7. 	It will be seen 
that the code values have lower reduction factor in 
comparison to test values. 
The end conditions in a testing machine do not 
accurately represent the conditions of actual walls in 
buildings. 	Therefore the realistic method will be to test 
walls with R.C. slabat top and bottom of the walls in order 
to simulate conditions prevailing in actual buildings, as 
was done by Prasan,Hendry and Bradshaw (16) in their crushing 
strength tests on 44 ins, thick single leaf storey height 
walls. 	This has been briefly discussed in Chapters 4 and 5. 




(i) The mode of failure for the block walls had been ax 
combination of (1) vertical tensile splitting, (2) shear 
failure and (3) some buc] cling for taller walls. 
Brick walls had° mode of failure of tensile vertical 
splitting accompanied by spalling and crushing indicating 
strength failure. 	Tall walls of WN25 group had some 
buckling as well. 
As expected, the strength of W,B1W and CW walls de-
creased with the increase in slenderness ratio. 	Because of 
differences in workmanship,trength1 of some of the walls 
were higher than expected. 
The stress-strain curves for the walls are in agreement 
with the curves of previous work, and the modulus of 
elasticity decreases with the increase in stress. 
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CHAPTER 
AXIAL TESTING OF ONE THIRD SCALE BRICK WALLS LOADED 
BEThEENR.C. SLABS 
4.1. INTRODUCTION 
Up till now the variation in ultimate compressive 
strength of masonry wall with different slenderness ratio 
has been studied by testing single leaf and bonded walls 
without slabs at their top and bottom ends. No test 
results are available for the walls of different height 
loaded between slabs at their ends. 	Prasan et 
studied the restraining effect of slabs on the strength of 
walls by testing 4* ins. thick single leaf full scale 
storey height walls. They did not vary the height of the 
wall. 
This chapter describes the test carried out on one third 
scale 1.5 ins, thick (4* ins, equivalent) brick walls of 
different height with R.C. slabs at their top and bottom 
ends so as to simulate the end condition of internal wall 
prevailing in an actual building. As has been mentioned 
in an earlier chapter, the model test results reported here 
can be applied on full scale brickwork structures. 
4.2. TEST PROGRAMME 
The programme consists of testing thirteen walls of 
different height. 	Fig. 4.1. gives details of the walls. 
4.3. MATERIALS 
4.3.1. Bricks  
One third-scale bricks were used. 	They were tested 
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(89) 
in accordance with B.S. 3921-1969 (Part 2). Table 4.1. 
gives a summary of their properties. 
4.3.2. Sand 
Dry Leighton Buzzard 25/52 was used. 	The grading 
curve is shown in Fig. 3.3. 
4.3.3. Cement 
Rapid hardening Portland Cement (Ferrocrete) was used 
for all mortars to give early mortar strength. 
4.3.4. Mortar 
1:3 cement:sand mortar mix was used and proportions 
were made up by weight. Each batch of mortar was mixed 
by hand. Cubes were prepared and cured in a similar way 
to that described in Chapter 3. 
4.3.5. Reinforced Concrete Slab Details 
4.3.5.1. Proportions of mix by weight was 1 cement:2 sand: 
3 coarse aggregate 
Cement and sand used were similar to those used for wall 
building. 	- ins, graded coarse aggregate was used for 
slab mixes. 
4.3.5.2. Reinforcement 
Nearly 1% reinforcement for positive and negative 
reinforcement were used. 	The steel used for the reinforce- 
ment was mild steel corresponding to B.S. 785 Part 1, 1967.(90) 
4.3.5.3. Dimensions of slab 
Length of. slab varied from 12 ins, to 72 ins, depending 
upon height of the wall. 
Width of slab was 19 ins. 
Thickness of slab was 1.5 ins. 
TABLE 4.1 
Brick Properties 
Properties 	Range 	 Mean Standard Coefficient Deviation 	of 
variation 
Length 2.9 - 3.06 
(inches) 
Width 1.40 - 1.47 
(inches) 
Height 0.94 - 1 
(inches) 
Compressive 
strength 2958 - 5100 
p. s.i. 
2.96 	0.06 	2.1 016 
1.43 	0.028 	1.8% 
0,96 	0.019 	2.03% 




11.8 - 13.2 	12.45 	0.46 	3.75% 
percentage 
4. 4. E)ERIP4ENTAL PROCEDURE 
4.4.1. Construction of wall 
The procedure for building the walls is similar to that 
described in earlier chapters. 	All walls were built with 
wooden jigs. 	For walls wS4 and wsG the first four courses 
of bricks were laid on a steel plate measuring 60 ins. x 
30 ins. x ins. on top of this four course brickwork 
* ins, thick, 1:1 cement:sand mortar was spread. 
slab was then laid on it, the slab was levelled by means of 
a spirit level and was gradually pressed so as to reduce the 
thickness of the mortar from ft ins, to ft ins. 	Far ends of 
the slab were made to rest on angle sections on which 1:1 
cement:sand mortar was already laid. 	The main wall was 
then built in-situ on this slab. 	The upper slab was laid 
on the topmost course of the wall in a way similar to that 
in which the lower slab was laid. 	On top of the upper slab 
two courses of brickwork were built on which a spreader 
beam measuring 2 ins. x 2 ins. x 20 ins, was bedded in 1:1 
cement: sand mortar, and levelled in two perpendicular 
directions by spirit level in order to have even distributions 
of load over the section of the wall, and hence avoid wall 
failure by stress concentration. 	Fig. 4.2. shows the 
test arrangement. 	Plate 4.1. shows the sequence of the 
wall building and slab laying. 	The top of the wall was 
cured unde4polythene cover for a minimum Of 24 hours before 
being tested. 
Walls WS9, WS14 and WS18 were built separately and were 
taken to the rig where they were bedded between the slabs5 
in a way similar to that described earlier for walls WS4 
and ws6. 
':w. 
PLATE IJ, SEQUENCE OF WALL BUILDING AND SLAB LAYING. 







4.14.2. Test Frame (Rig) 
The frame structure is based on one steel grillage 
unit 6 ft. square. 	Screw jacks are provided under the 
grillage unit for levelling. 	For the superstructure to be 
erected on the grillage base, a set of steel channels has 
been selected. 	The assembly of the superstructure consists 
of a portal frame, each column of which consists of two 
4 ins. x 12 ins, channel sections placed back to back. 
The clear working height from the top of the grillage units 
to the underside of the portal cross beam is variable. 	The 
working height is obtained by lowering or raising the cross 
head beam in order to accommodate a wall of the particular 
height for that particular slenderness ratio. 	The cross 
head beam consists of two 4 ins. x 12 ins, channels placed 
face to face in such a way as to form a box section. 	The 
clear working width is I-i- ft. 4 ins, between the channels. 
The portal frame was further strengthened by providing angle 
bracings for the lateral strength. Plate (4.2). 
4.4.3. Loading Equipment 
4.4.3.1. Hydraulic Jack 
The loading 3ack is of 200 ton nominal capacity and 
of the Tangye Hydraulic Detached Ship type having simple 
packed rams. The ram diameter is 10 ins, and maximum ram 
travel is 6 ins. 	The \ack is bolted to the underside of 
the cross head beam of the portal frame in a central 
position (Plate 4.2 ). 	The ram travel is downwards under 
hydraulic oil pressure and four return springs have been 
fitted so that the rams return to their former position 
when the oil pressure is released. 	The oil pressure is 
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applied through aLosenhausen machine. 
4.14.3.2. Load cell 
The load cell is of the column type H.D.]JO supplied 
by MIS  Davy & United of 200 ton nominal capacity having 
an overload capacity of at least 50% on the nominal 
maximum. 	One load cell of this type is placed under the 
hydraulic ack. 	Calibration of the cell was carried out 
inAAvery Universal Testing machine by usingdigital volt-
meter. 	The calibration chart is given in Fig. 4.3. 
4.4.3.3. Digital Voltmeter (D) 
A LM1450 four-window digital voltmeter employing an 
original digitising technique operating on a voltage/time 
conversion principle was used. 
4.4.4. Application of load 
The load was applied by using different equipment, 
details of which have been discussed before. 	The load 
was initially applied at intervals of 1 ton up to 6 tons, 
and then at 2 ton intervals up to failure. 	The rate of 
loading variedhetween 26 to 47 p.s.i. per minute. 
4.4.5. Measurements 
4.4.5.1. Strain measurement 
Vertical strain was measured by fixing Demec studs on 
each face of the wall and reading the value by means of a 
Demec gauge of different gauge length depending upon the 
height of the walls, as has been described in a previous 
chapter (3). 
4.4.5.1. Lateral deflection 
For WS4 and WS6 walls three dial gauges were fixed, 
one at the topmost course another at mid-height and the third 
120 90 	60 	30 
ve strain 
30 	60 	90 	120 	150 
+ve strain x1Y 
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at the bottommost course. 	For the remaining walls, the 
dial gauges were placed at 6 ins. c/c along the height of 
the wall. 	The dial gauges used were capable of measuring 
deflection up to 0.0001 in. 
4.4.5.2. End rotation 
This was measured by fixing brackets to the topmost and 
bottommost courses of the wall as described in Chapter 3. 
4.4.5.3. Curvature measurement 
An attempt was made to measure curvature variation along 
the height of the walls WS4 and WS6. 	This was done by 
fixing flmec studs at 2 ins. c/c along the height of the 
wall and measuring the strain on both faces of the wall by 
means of Demec gauge of 2 ins, gauge lengths. 	The differ- 
ence in strain readings on the two faces will give the 
value of curvature. 	Fig.4.4. shows the positions of 
Demec studs along the height of the wall. 
4.5. RESULTS 
A summary of the results of the wall tests and a com-
parison of reduction factors with C.P.111-1970 are given 
in Table 4.2. 
4.6. DISCUSSION 
4.6.1. Modes of failure 
Generally the first hairline crack appeared at 50-60% 
of the ultimate load and got enlarged with further increase 
in load as has been observed in the walls of the previous 
chapter. 	The general mode of failure of wails was tensile 
vertical splitting accompanied by crushing and spalling of 
various courses of bricks. 	Plates 4.3 to 4.4 shows 
different modes of failure of these walls. 
TABLE 4.2. 
TEST RESULTS. WS WALLS. (BETWEEN R.C. SLAB) 
s:eer- Ae of o.-,tar AOe of U11;:aate Ultiaiitc Avcro isSli Rsuc- 5oouus Eccentricity 	R:2r.i 
mess mortar strength walls load co:orec- ultimate Recuc- tion of 
ratio cube l:Sc:s days tori s  coapres- tion factor Elasti- 0 
H/t days p.s.i. stress sive factor of city 
p.s.i. stress C.P.111 ult. 
p.s.i. stress 
x10 6 
2 3 4 5 6 7 8 9 10 1 12 
WS4-i 4.7 31 2987 32 32.4 2653.5 1.13 t/28 	0 
2653.5 
WS4-2 4.7 25 3016 23 32.4 2653.5 1.0 1.0 0.5 tuG - 	0 
2697 
5.25 126 3495 108 30.8 2537.5 0.5 t/22 	0 
6.25 109 3567 106 35.5 2929.0 2726 0.63 t/64 	0 
S9-1 9.4 38 4046 37 31.0 2566.5 0.797 t/24 - 	t/75 
9.L 33 1480 32 37.0 3059.5 2842 1.06 0.92 0.783 t/30 - 	0 
9.4 16 2393 16 35.5 2929.0 0.733 t/30 - 	0 
WS14-1 14.0 43 3422 42 25.1 2073.5 0.325 t122 - 	0 
U314-2 14.0 48 3292 43 24.1 1986.5 2015.5 0.75 0.78 0.812 t/25.4 - 
t /154  
14,0 70 3320 64 24.1 1986.5 0.612 t/21.4 
t/29.4 
19.8 69 3161.0 83 19.8 1631.25 0.763 t/27 	s 0 
WSI9-2 19.8 51 3233.5 30 22.0 1812.5 1379.2 0.70 0.52 0.652 t/31 - 	0 
WS19-3 19.8 60 3572.0 56 26.6 2189.5 0.710 t/8 	0 
PLATE 1,3. FAILURE OF WS 12 WALL. 
I ••I 	( I , 
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PLATE 4.. FAILURE OF WS 18 WALL. 
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In wall WS4-1 there was spalling of 4 courses below 
the bottom of the slab. 	There were vertical cracks in 
the ends and at the centre of the wall. A portion of wall 
failed by crushing after the cracks had widened. After 
the failure, a portion of wall left intact between the 
slab was still strong. 
In wall WS4-2 also there was spalling of four courses 
below the lower slab. 	Failure of main wall was due to 
tensile vertical splitting and crushing. 	The wall 
collapsed suddenly with explosive ejection of masonry pieces. 
Walls WS6-1 and WS6-2 both failed suddenly in a similar 
manner. 	Before complete failure there was a vertical 
crack in the centre of the wall. 	For wall WS6-1 this crack 
started from mid-height and went down to the bottom. 	In 
WS6-2 the crack started in the second course from the top 
and continued till the last but one course. There was 
crushing of the topmost course as well. 
Walls W89-1, W39-2, WS9-3 developed hairline cracks 
at 50% of ultimate load. 
In WS9-1 the first hairline crack started developing 
in the fourth course from the bottom and continued up to 
the topmost course. 	There was spalling in the middle 
course of the wall. 
Walls WS9-2 and  WS9-3 failed in a similar way to W89-1, 
except that in WS9-2 there was complete absence of spalling. 
Walls W814-1 and WS14-2 failed with crushing of topmost 
and bottommost courses. 	There was a vertical crack in the 
bottom four courses of the wall WS13-2 and in the middle 
course of wall WS14-1. 
Wall WS14-3 failed with the development of a crack 
starting from the topmost course in the centre of the wall, 
and extending down to mid-height of the wall. Another 
vertical crack developed adjacent to the previous crack 
but starting from mid-height and extending down to the 
bottommost course. 
Walls WS19-1 and WS19-2 failed by spalling, tensile 
vertical splitting and bending. 	The first hairline crack 
appeared at 80% of the failure load. 	The walls bent to a 
considerable extent after vertical tensile splitting and 
spalling in the 18th, 20th and 24th course from the top. 
4.6.2. Strain readings 
Strain readings on both faces of walls were not very 
different from each other, indicating fairly uniform distri-
bution of load on the walls. As has been mentioned in the 
previous chapter, in the initial stage of loading difference 
in strain was observed to be higher, but the difference 
narrowed down with the increase in load. 	The reason for 
this has been explained earlier in Chapter 3. 	Figs. 4.5. 
to 4.8. give----.stress-strain curve. 
The difference in strain readings could also be due to 
lack of plumbness of the test wall, and due to the different 
position of ]Demec studs on the opposite faces of the wall. 
Eccentricity of loading has been calculated in a way 
similar to that done for other walls in Chapter 3. 	The 
values of eccentricity obtained indicate that the condition 
of loading is fairly axial. 	It is impossible to have zero 
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4.6.3. Modulus of elasticity 
The value of the modulus of elasticity E was obtained 
from the stress-strain curve. 	The value of E fluctuated 
during the lower range of loading, but afterwards, at 
about 25-40% of load, it started decreasing with the increase 
in load. 	Fig. 4.9. shows stress and modulus of elasticity 
relationship. 
4.6.4. Lateral deflection 
Similar to walls in Chapter 3, none of the walls 
deflected to the same extent, therefore no definite pattern 
of behaviour was obtained. Most of the walls deflected more 
towards the top than at mid-height. As explained in 
Chapter 3 above, the irregularity in deflection may be due 
to variation in (1) workmanship, (2) plumbness of the wall, 
(3) properties of brick and mortar. 	Maximum deflections in 
the walls wereinsignificant to influence failure of walls 
except for the WM19 wall. 	Figs. 4.10 to 4.19 show deflection 
curve for various walls. 
4.6.5. End rotation 
The angular rotation values obtained are not consistent. 
Like deflection values none of the walls rotated to the same 
extent. In the course of loading, some walls changed the 
direction of rotation as well. 	Because of these 
erratic results, no definite conclusion could be th'avm. 
Figs. 4.15 to 4.17 show angular rotation and stress relation-
ship. 
4.6.6. Curvature variation 
An attempt to measure curvature variation along the 
height of the wall was made in order to locate the point of 
















I 	 I  










IN/IN x 10 
00 	1250 	1500 	1750 	2000 	2250 	2500 	2750 	300T 
g. 4.10. 




COMPRESSIVE STRESS ps i. - 	
I 	 ________________  
IOU 	 400 	 600 850 	 1000 	 lieD I/.[IL 
zu 	40 60 
	
—DEFLECTION IN INCHES 	i 












300 	LW 	100 	icC 	
I'll
ICC 
DIRECTION UI L'L5 I i 
fig- 412 lAaFAL C1rIfcI;CU MEASUREMENTS 








DiltEclion IN NLHIS x ri 	 '"U 	 14W) 	 tJUJ 
Iig.4.14. iAN fl;L 	UFI[i:IIu 	4iAUR1I1iuIS 
2/ 
21 
DIE LICUDNIN INCHES x 	 - -- 




















N  L 
20 	15 	ID 	5 	0 	5 	10 
ANIL- CLOCKWISE -tCL0CKWISE 
	
END 	RO TAT ION' 	10' 	RADIANS 












12.5 	10 5 	0 	5 	10 
ANTI-CLOCKWISE --t-- CLOCKWISE 
35 
30 	 S 







—a 20  = 



















I 	 I I 




ANTI - CLOCKWISE 	I CLOCKWISE 
[ND ROTATION x 10 RADIANS 
Iig.4.17. COMPRESSIVE STRESS 	Vs. END ROTATION. 
SLENDERNESS RATIO 
6 	9 	12 	15 	18 
65 
height. 	This attempt also did not succeed. 	The curves 
so obtained from strain measurements do not give any clear 
picture regarding the lotation of the point of inflection 
(Fig. 4.4.). 	The curve is based on the following equations: 
o= j±- 
	
• 	.......... ............(1) 
E= 	+....................( 2) 
E 62 = T - 
Dividing (2) and (3) by E and subtracting (3) from () we get 
t 
= 6 l 62R 
F-1 	F- 2 	1 or...........................( 4 ) 
where 	a 	- stress 
P 	- load on wall 
A 	- area of cross-section 
N 	- moment 
I 	- moment of inertia 
7 - distance from centroid 
Cl & 62 	- strain 
on opposite face of wall 
E 	- modulus of elasticity 
TT - 	radius 
of curvature 
Strains C l and F 2
are found. along the height of the 
wall by means of 2 ins. demec gauge. 	The point along the 
height of the wall at which equation (4) changes sign will 
give the point of ipflection. 
Fig. 4.4. shows what the curvature (58) variation along 
the height of the wall should be ideally. But because of 
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the brickwork being two phase material and of variable. 
nature, and also due to the presence of micro-cracks in the 
bricks, the test results so obtained are not consistent. 
They show a quite irregular pattern of strain difference 
along the height of the wall (Fig. '4.L). 	Since the 
'In 
curvature isadouble differential of the def'.Iáction there 
H 
will be a scatter of points along the height of the wall. 
Bradshaw (56) studied the strain variation along the 
height of a 4*  ins, thick full scale storey height wall by 
using Demec gauge of 8 ins, gauge length. 	Strain measure- 
ments did not give a regular pattern of behaviour. .Lmilar 
study was carried out by Jecici and Capovic. 	(70 
Their results are also not consistent. 
To the author's knowledge no study of curvature var-
iation along the height of the wall has been carried out 
before by this method. 	It will be therefore worthwhile 
if a detailed study is carried out by doing more tests on 
walls of different height. 	The walls chosen for this test 
by the author were of very small slenderness ratio. 	The 
lateral deflection, and also the curvature in these walls, 
will not be significant. 	Walls above slenderness ratio of 
20 will give a better picture of the curvature variation, 
because in addition to strength failure they will be having 
some buckling failure as well. 
4.6.7. Slenderness ratio 
The average ultimate stress of WS4 wall and WS6 wall 
was almost the same. 	This goes well with the code assumption 
that up to a slenderness ratio of '6 there is no decrease in 
the strength of the wall. The strength of the wall WS9 
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instead of decreasing was 6% higher than the walls ws4 and 
WS6. 	This increase in strength is due to better distri- 
bution of load, and only a little higher rate of loading 
than WS6 walls. 	In the case of W814 walls the strain 
measurements showed that the load was not as evenly distri-
buted as it had been with other walls, the workmanship of the 
wall was also comparatively poor. 	This has resulted in 
a decrease in the strength of the wall rather greater than 
expected. 	There is very little scatter of test results. 
Only in WS19 walls the strength of WS19-3 is noticeably 
different from that of other walls (Fig. 4.18). 
Unfortunately no test results are available with which 
a comparison could be made. 	However, the test results are 
compared with the C.P.11l (Fig. 4.19). 	The reduction 
factors of the test walls are higher than the code values. If 
the •correction for the variation in rate of loading and 
variation in brick strength is made, the test values will 
have a further increase in reduction factor in comparison 
to code values. 	A detailed comparison of C.P.11lwith 
these walls is made in Chapter 7. 	. 
There is little doubt that the end fixity provided by 
the R.C. slab is greater than that provided by the machine 
platen. 	The coefficient of friction between the slab and 
the mortar will be more in comparison to coefficient of 
friction between steel and mortar. 	This will result in 
greater bond in the former case and lesser bond in the latter 
case. 	Because of this the lateral restraint provided by 
the R.C. slab is greater, the strength of WS walls should 
therefore be higher than the WN walls. . But this is not the 
case, the strength of VN walls in some cases is found to 
be little higher than WS walls. 	The reason for this is 
the frequently cited factors such as 1) difference in rate 
of loading between the ViM and WS walls, 2) difference in 
load distribution and thus eccentricity, 3) difference in 
brick strength of the two walls. 	If these factors are 
taken into account the strength of WS walls will be higher 
than ViM walls. 
"61) Also it has been shown' 	that there issignificant 
decrease in wall strength when there is sidesway in the 
wall. 	In fact the reduction due to sidesway is greater 
than the reduction resulting from the same degree of eccen- 
tricity of loading. 	This reduction in strength is due to 
the fact that sway induces some tensile stresses and subjects 
the wall to a severe type of eccentric loading (Fig.4.20. ). 





Tensile stress f = 
z 
Fig.00. WALL WITH SWAY 
where z is the section modulus. 
Since the brickwork is weak in tension the ultimate strength 
of wall will decrease. 
It has been observed while doing the test thatWS walls 
had more sidesway because c% - difficulty involved in capping 
the slab than flat ended walls of ViM series. 	Because of 
these reasons nearly the same strength for both the VIM and WS 
walls does not seem to be unexpected. 
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4.6.8. Conclusions 
i) 	The strength of the walls decreases with the increase 
in slenderness ratio, but not in the same proportion as 
specified in C.P.111(1970). 
End fixity provided by the R.C. slab is greater than 
that provided by the machine platen. 
Mode of failure of all the walls has been mainly 
strength failure, except for the wall WM19-3 in which there 
was buckling involved. 
The modulus of elasticity decreased with the increase 
in stress as was expected. 
Because of variable nature of the brickwork, the 
angular rotation of the topmost and bottommost course of 
the wall did not show a regular pattei'n. 	Similarly 
irregular strain patterns along the height of the walls were 




AXIAL AND ECCENTRIC TESTING OF MODEL WALLS WITH 
HINGE ENDS 
5.1, INTRODUCTION 
So far most of the tests carried out by various investi-
gators to study slenderness ratio effect ,t  have been confined 
to either axially loaded walls or axially and eccentrically 
loaded piers. 	In practice walls are usually subjected to 
eccentric loading which may arise either due to the position-
ing of the floor slab or the beam on the wall, or due to the 
presence of unequal moment at the slab/wall joint. 
The object of the work presented in this chapter was to 
examine the strength of one third scale, 1.5 ins, thick 
single leaf brick walls of different slenderness ratios 
with hinged ends under axial and eccentric loading. The 
most common type of eccentricity of loading of t/6 and t/3 
encountered in practice were adopted. Along with these 
walls, piers of 9 12  ins, height were tested with axial and 
eccentric loading. 	The testing procedure and their 
results are discussed in Appendix III. 	The test results 
are compared with the results of other investigators. 	In 
practice hinged ends are seldom if ever encountered, and 
in most cases the restraining action of the slab results 
in increased wall strength 	This is consistent with the 
work carried out by Prasan et al. 6 	The test results are 
discussed in the light of their (Prasan et al.) work in the 
latter part of this chapter. 
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5.2. TEST PROGRAMME 
The test programme consisted of testing walls of 
different height corresponding to different slenderness 
c ratios with different positionkof loading in accordance with 




One third scale model bricks were used. 	Bricks came in 
batches so that their strength varied. 	They were tested in 
accordance with BS-3921-1969 Part (2). 	Table 5.1. gives a 
summary of their properties. 
5.3.2. Sand 
Dry Leighton Buzzard 25/52 as described in previous 
chapters was used. 	The grading curve is shown in Fig. (3.3.). 
5.3.3. Cement 
Rapid hardening Portland cement (Ferrocrete) was used 
for walls as in previous tests for all mortars to give early 
strength. 
5.3.4. Mortar 
1:3 cement:sand mortar mix was used and proportions were 
made up by weight. Each batch of mortar was mixed by hand. 
Cubes were prepared and cured as described in previous 
chapters. 
5.4. EXPERIMENTAL PROCEDURE 
5.4.1. Construction of wall 
The procedure for building the walls was again as 
described in earlier chapters. All walls were built with 




Properties Stand- Coeff- 
Range Mean ard icient 
devia- variation 
tion 
Length (inches) 2.90 - 3.06 2.96 0.06 2.1% 
Width (inches) 1.40 - 1.47 1.43 0.028 1.8% 
Height (inches) 0.94 - 1 0.96 0.919 2.03% 
Compressive 3000-5100 3,800 836 22% 
Strength (p.s.i.) 
Water Absorption (%) 11.8 - 13.2 12.45 0,46 3.75%__- 
w-1/6 
Co ef 







Water Absorption (%) 
3.0 - 3.03 3.01 0.04 
1.44 - 1.48 1.47 0.012 0.8°/s 
0.97 - 1.0 0.98 0.03 
4048- 6730 	5530 	63.4 	1.2 °/b 
11.6 - 12.9 12.12 0.87 7.2% 
W-1/3 









Water Absorption (%) 
3.0 - 3.03 3.009 0.014 0.47°/ 
/0 
1.40 - 1.46 1.43 0.023 
0.94 - 0.97 0.94 0.014 14.5%7.  
3016 - 4074 3564 334 9.4% 
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plate of * in. thickness was fixed on the wooden jigs. This 
was done in order to protect the wooden jig from warping due 
to moist conditions. 
5.4.2. Testing method and, measurement 
For capping of walls two beams were used of size 44 ins. 
x  in. x 20 ins, with two half rounds of size % in. welded 
to the centreline of each beam. 	The bottom beam had four 
levelling screws at its four corners. At each end of each 
beam distances equal to. half the thickness of the wall were 
marked on either side of the centreline of the beams. This 
method was adopted for axially loaded walls of W-0 series in 
order that the centreline of the wall and the beam should 
be in line. 	For walls of W-1/6 series, where the 
eccentricity of loading is t/6, distances equal to 4 in. and 
1 in. were marked on either side of the centreline of the 
beam in order that the centreline of the beam (through which 
the load is applied) and the centreline of the wall should 
be * in. (t/6) apart. 	Similarly for walls of W-1/3 series, 
distances equal to 7/32 in. and 1'7/32 ins, were marked so 
that the centreline of the wall and the beam, should be 4 in. 
(t/3) apart. 	These distances were marked with the utmost 
possible accuracy. 	Fig. (5.2) shows these arrangements. 
The beam with the levelling screws was placed in the 
Avery machine so that the centreline of the beam coincided 
with the centreline of the machine, and levelled by means 
of four levelling screws. 	The walls built were then taken 
to the machine either by crane or manually on a trolley 
depending upon their height. 	1:1 mortar mix was prepared 
and spread on the beam and the walls were placed on the beam 
ci 
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so that its edges coincided with the appropriate marks on 
the beam to give the desired eccentricity of loading. After 
checking the plumb of the wall, it was left to set with the 
mortar for two hours. The top beam was placed in a similar 
way and a small load gradually applied by the machine in 
order to level the beam. 	The walls were then allowed to 
cure for 24 hours before being tested to failure. 	Plate (5.1) 
shows a wall before test. 
5.4.3. Application of loads 
For axially loaded walls of 1-QI series, the loads were 
applied by 1 ton increments up to 6 tons, and then at 2 ton 
intervals up to failure. 	The average rate of loading varied 
between 23 p.s..i,/mmnute to 46 p.s.i./minute. 	For eccen- 
trically loaded walls of W-1/6 series a similar procedure was 
adopted up to slenderness ratio of 18; for the wall of slender-
ness ratio 25 the loads were applied at ton intervals up to 
failure. 	The average rate of loading varied between 12.1 
p.s.i./minute and 23.5 p.s.i./minute. 	For the walls with 
t/3 eccentricity belonging to W-1/3 series the load was 
applied at * ton increments up to failure. 	The average rate' 
of loading varied between 4.8 p.s,i./minute to 17.0 p.s.i./ 
minute. 	In all the walls the load passed from one stage to 
another in about one minute, and was then held constant for 
3 to 4 minutes in order to take measurements. A plywood 
sheet of * in. thickness was placed between, the top platen 
of the machine and the half round in order to take care of 
any gap left between them.' 
5.4.4. Strain and lateral deflection measurements 












PLATE 5.1. W-°WALL READY FOR TEST. 
i I 
PLATE 5.2. FAILURE OF W--5 WALL. 
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strain was measured by Demec gauge and the lateral deflection 
was recorded by means of dial gauges of 0.0001 in. sensit-
ivity at each load increment, until safety considerations 
made it necessary to remove the gauges and discontinue the 
readings. 
Before starting a test the walls were slightly loaded 
in order to prevent them from falling down. The zero 
deflection readings were therefore not exactly at zero load. 
5.5. RESULTS 
A summary of results of the wall tests and a comparison 
of the reduction factors with C,P.111(1970) are given in 
Table 52. 
5.6. DISCUSSION 	 . 
5.6.1. Modes of Failure 
5.6.1.1. 	W-O walls (e = o) 
For the walls of W-0 series, the first hairline crack 
appeared at 50.-80% of the ultimate load, and enlarged with 
further increase in load as has been discussed in previous 
chapters. Walls W-0-6 had tensile cracks at the two faces 
of the wall accompanied by spalling of the middle course. 
They also showed crushing of either the first or the second 
course from the top. 	There was absence of crack in the 
thickness of the wall. 	Half of the W-0-12---1 wall failed 
due to vertical tensile splitting, crushing and spalling. 
The remaining half of the wall was intact with a few small 
tensile cracks. Plate 	(5. 	3). Wall W-0-12--2 had vertical 
cracks in the centre and in the sides on both the faces. 
The topmost course had rotated to a considerable degree, and 
there was some spalling in the top two courses. Wall WM12-3 
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TABLE 5.2. TEST RESULTS 
(vo, W1/6 and WI/3) 
Wall No. Age of 1:3c:S Age e=0 Mean Age Cube [e=t/6 Average Mean Age e = t!3 Age Average tean 
Cube Cube of Wall wall of strength Age wall wall of Cube of of wall wall 
days Strength wall Stress stress Cube p.s.1. of stress stress Cube strength wall stress stress 
p.s.i. days p.s.1. p.s.i. days wall p.s.i. p.s.1. days p.s.i. days p.s.!. p.s.1. 
days 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
W6-1 16 3480 13 1895 28 5060 28 1417.3 43 4398 38 717 
6 i.6 - 2 14 4205 13 2060 2005 35 3827 29 1343.0 1406.2 42 4519.2 38 519 601.5 
IV 6-3 16 3909 152060 34 4698 34 1458.5 42 4519.2 39 569 
W 12-1 18 3758 8 1697.4 31 4407.3 26 1096.0 42 4378 41 287 
12 W 12-2 13 2464 17 1846 1821 30 4407.0 26 1220 1137.3 37 3835 37 373 292.5 
W 12-3 18 3377 17 1920 34 4673.2 33 1096 37 3961 37 217 
W 18-1 18 3832 18 1541 33 4977.5 35 774.6 38 5220 36 178 
18 W 18-? 21 2981 21 1879 1700.3 36 5033.6 36 68o .o 760 35 4565 34 128.5 175.0 
U 18-3 18 3408 16 1681 35 4235.0 35 825.0 34 5089 33 217.5 
W 25-1 19 3045 15 1162 . 28 5024 33 618.0 35 5151.5 34 118.6 
25 W 25-2 30 2160 28 1576 1187.0 40 5567 39 519.1 555 42 4867.5 42 156.6 135.7 
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PLATE 54. BENDING OF W012 WALL. 
PLATE 5.3. SPALLING, CRUSHING & 1[NSILE SPLIITING — 4612. 
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had a vertical crack similar to that in WN12-2 on the faces 
of the wall accompanied by some spalling in the 4th and the 
12th course from the top. Wall W-0-18-1 failed with the 
appearance of tensile cracks at the centre face of the wall. 
n 
This crack started from the topmost course and continueddc,vn 
to the 17th course from the top. A similar crack appeared 
in the thickness of the wall but continued dvncto the 5th 
course from the top. There was slight spalling in the two 
central bricks of the third course from the top. Walls 
W-0-18-2 and third course from the top for W-0-18-3. These 
cracks continueddsnto the bottommost course for both the walls. 
Walls W-0-18--2 and W-0--18--3 had a considerable amount 
of bending as well. 	Wails W-0-25--1,2 and 3 had a similar 
type of failure, except that W--0-25-1 had some spalling and 
crushing and W-0-25-2 had 450  shear crack line in the bottom 
of the wall. 
5,6.1.2. W-1/6 walls (e = t/6) 
In all the walls of-W-1/6 series the crack appeared at 
70-80% of the failure load. Wall W-1/6-1 and 2 failed due 
to spoiling in the middle and bottom courses, accompanied 
by tensile vertical cracks and bending. W-1/6-6-2 also 
had a crack in the thickness of the wall, and there was 
significant rotation of the topmost course. Wall W-1/6-6-3 
had spalling of the top three courses, crushing of the 
middle course, accompanied by a tensile crack in the thickness 
of the wall. 	There was considerable rotation of the topmost 
course resulting in break of bond in the horizontal joint. 
The middle brick of the topmost course had a tensile crack 
at its mid-depth, this was peculiar and could be due to the 
76 
presence of excessive micro-cracks in that brick and good 
bond between mortar joint and brick, which may have induced 
vertical tensile stress. 
Wall W-1/6-12-1,2 and 3 failed due to the presence of 
spalling either in the top 3-courses or in the courses at 
the mid-height accompanied by tensile splitting in the 
thickness and the face of the wall. At the time of failure 
the bending of the wall became very noticeable. Wall W-1/6- 
18-1,2 and 3 mainly failed due to excessive lateral deflection. 
W-1/6-18-1 had a number of small tensile vertical cracks 
spread on both the faces of the wall. 	There was also some 
spalling in the central brick of the topmost course. 	The 1:1 
mortar mix for capping of the wall was not of uniform thick-
ness and this may have resulted in poor distribution of load. 
Wall W-1/6-25-1,2 and 3 had stability induced failure due to 
•excessive lateral deflection of the wall. 	There was com- 
plete absence of spalling and tensile splitting. All the 
walls had maximum deflection between 11th and 14th courses 
from the top, and the failure occurred when the bond between 
brick and mortar at these joints gave way. 
5,6,1.3. W-1/3 walls (e = t/3) 
In walls W-1/3-6-1, 2 and 3 a very light cracking sound 
occurred at 20 to 25% of the ultimate load, and at about 35% 
of the ultimate load the sound became more clear without any 
appearance of a crack. All the walls failed due to excessive 
lateral deflection which generally occurred at mid-height. 
In W-1/3--12-1, 2 and 3 walls faint .cracking sounds followed 
by clear cracking sounds occurred between 20 to 35% of failure 
load without any appearance of the crack. There was complete 
absence of spalling, crushing and vertical tensile splitting 
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indicating that the failure was due to instability. 	The 
maximum horizontal deflection occurred between the 5th and 
the 8th course from the top. Walls W-1/3-18-1, 2 and 3 
and W-1/3--25--1, 2 and 3 had a similar failure pattern in 
which faint and clear cracking sounds occurred between 20 to 
35% of the failure load, without appearance of any crack. 
In walls W-1/3-18-1, 2 and 3 the maximum horizontal 
deflection occurred between 10th to 14th course from the top. 
Walls W.-1/3---25--1, 2 and 3 had crack sounds at the loads 
similar to the above wall. 	The maximum horizontal deflection 
in these walls occurred between 14th and 20th course from the 
top. 
In all these walls the failure occurred at the mortar-
brick interface due to lack of bond between the mortar and 
the brick at the time of maximum deflection. Water 
absorption and the bed face roughness of the bricks are the 
main factors which greatly .influence the bond developed at 
the interface. 	Plate (5- 5 ) shows a typical failure of 
wall at the mortar-brick interface. 
5.6.2. Strain readings 
Lb 
For axially loaded walls of6W-0 series the strain 
readings on both the faces of the walls were not very 
different from each other, implying fairly uniform distri-
bution of load on the walls of this series. As has been 
discussed in previous chapters the difference in strain 
readings was higher in the initial stages of the loading, but 
this reduced with the increase in loading. 	Fig. (5. 3 ) to 
(5. 6 ) shows the stress-strain relationship. 
Walls of w-c1/6 series having eccentricity of loading 
PLATE 5.5aJ. SPALLINO AND 	BENDING 	FAILUPE W-25. 
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e = t/6 (condition when the load is at the kern) had 
compressive strain on one face and tensile strain on the 
other. 	Ideally the strain on the tension face should have 
been zero, but due to inaccuracy involved in building the 
wall and applying the desired eccentricity there is some 
tensile strain (Fig. 5.7 to 5.10). 	The presence of this 
strain implies that the eccentricity of loading is greater 
than t/6, particularly at higher loads when the lateral 
deflection causes further increase in the eccentricity. 
The eccentricity calculated from the strain measurements 
confirm this increase and show that the eccentricity is 25% 
to 55% more than the intended nominal eccentricity of t/6. 
Walls of W-1/3 series having eccentricity of loading 
e = t/3 (when load is beyond middle third) have tensile as 
well as compressive strain as was expected. 	The strain 
measurements indicate increase in applied eccentricity by 21%. 
The reasons for this increase are the same as for W-1/6 walls, 
Fig. (5.11) to (5.14) gives the stress-strain relationship 
for these walls. 
5.6.3. Modulus of elasticity 
The stress-strain curve for finding the modulus of 
elasticity E was plotted on the basis of an average of four 
strain readings for all the walls. 	Table (5.2) gives the 
E value for different walls. 	Except for walls W-0--6--1, 2, 
W-0-12--1 and W-0-18-3 all the remaining walls of this series 
showed a consistent decrease in E values with increase in 
stress. 	The E values fluctuated significantly up to stress 
of 150 p.s.i., beyond that there was a regular decrease in 
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may be due to the presence Of shrinkage cracks in the mortar 
and unevenness of the mortar beds. 	Fig.(5.15) shows E - a 
relationship. 
Walls of W-1/6 series show less fluctuation in the E 
values at low stresses. 	There is a consistent decrease in 
the E value with the increase in stress. 	In walls of W-1/3 
series the modulus of elasticity is found to be low because 
of the use of low strength bricks. As with the walls of 
other series, there is fluctuation in E value initially which 
tapers off at higher stress levels. Fig. (5.16) and (5.17) 
shows the E-a relationship for eccentrically loaded walls. 
5.6.4. Lateral deflection 
Unlike walls of S&I, .B1W, CW and WS series discussed 
in previous chapters, walls of W-O series showed a definite 
pattern of deflection. Except for walls W-0-6-2 and W-0- 
12-2 all walls had deflection curves similar to sine curves. 
Some of the walls, particularly W-0-6-3 and W-0--12-3showed 
a certain amount of lateral drift at the top at higher loads. 
The maximum deflectiqn in all the walls except W-.-0--18-2 and 
W-0-18-3 occurred at mid-height. Apart from the non-
homogeneous character of brickwork, the existence of some 
sidesway due to erroneous vertical alignment of the wall at the 
time of capping are the possible reasons for this lateral 
drift. 	Also there was some play in the top platen of the 
machine which may have contributed to this effect. Although 
this seems unlikely because once the load is applied the 
platen is almost fixed. None of these walls belonging to a 
particular slenderness ratio had the same amount of deflection. 
Fig. (5.18) to - (5.21) shows the deflection curve for different 
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walls of W-O series. 
Almost all the walls of W--1/6 series had their de-
flection curve similar to sine curve. 	Except wall 
W-1/6-6--1, none of the walls had lateral drift at the top. 
Most of them had approximately the same amount of deflection 
for a particular slenderness ratio at a particular load. 
Walls of W-1/3 series also had their deflection curve 
similar to sine curve. 	There was complete absence of 
lateral drift. The amount by which the walls of particular 
slenderness ratio deflected was not the same. 	Figs. (5.22) 
to (5.29)  show deflection curves. 	The location of the 
section of maximum deflection was the same in walls of same 
slenderness ratio for both values of eccentricity. 	And so 
the ratio of the distance of that section from the topmost 
end of the beam to the overall length of the wall was nearly 
constant for all the walls. 	 - 
5.6.5. Slenderness ratio and compressive strength  
As was expected, the squat walls of W-O, W-1/6 and 
W-1/3 series having a slenderness ratio of 6 had higher 
ultimate strength than other walls. Unlike walls of ViM, 
B1W and WS series, none of the walls having slenderness 
ratiosgreater than 6 had higher compressive strength. Fig. 
(5.30) shows ultimate strength - slenderness ratio relation-
ship. 	According to expectation the wall strength decreased 
with the increase in slenderness ratio and the eccentricity. 
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The reduction factors for these walls are compared 
with the various codes in Chapter (7). 	The test results 
of axially loaded walls are higher than the values specified 
in C.P.11l. 	For eccentricity loaded walls R.F. values 
of C.P.11l are the same as for W-1/6 walls but higher for 
W-1/3 walls. 
Fig. (5.31) shows wall strength and eccentricity 
relationship. 	There is a sharp decrease in the strength of 
eccentrically loaded walls in comparison to axially loaded 
walls. 	This decrease, however, is not so sharp in the 
(55(2O) test results of other investigators. / 
The main reasons for this sharp reduction in strength 
between axially and eccentrically loaded walls are as 
follows: 
Lower rate of loading. 
Defects in vertical alignment. 
Differences in brick strength. 
Variation in suction properties of brick. 
Errors involved in obtaining the desired eccentricity 
while capping the top and bottom ends of the wall. 
1) Lower rate of loading:-  
Bradshaw(56)  studied the effect of the rate of 
loading on the ultimate strength of walls and showed that 
the walls loaded over 1 12 hours failed at loads approximately 
209/6 less than the walls loaded over 12 an hour. 	As mentioned 
in Section 5.43. the rate of loading in the case of axially 
loaded walls of W-0 series was two times more than w-1/6 
walls and four times more than that of W-1/3 walls. This 
decrease in the rate of loading for the eccentrically loaded 
82 
walls was because the time consumed in taking the measure- 
ments was the same for.-both axially and eccentrically loaded 
walls, whereas the failure load decreased with the increase 
in eccentricity. 	This resulted in lower rate of loading 
for the eccentrically loaded walls and hence lower ultimate 
strength. 
Defect in vertical alignment: 
Due to the practical limitation of workmanship, the 
tendency for large lateral deflections to occur is accen-
tuated in the case of eccentrically loaded slender walls. 
This results in reduced effective area for resisting the 
applied load and hence reduction in strength. 
Brick strength: 
The strength of bricks used in the walls of W-1/3 
series was lower than those used in W-O and W-1/6 walls. Also 
the dimensions of the bricks of W-1/3 walls were different 
from those of W-O and W-1/6. Thoma*3) tests have shown 
that 	walls built with weak brick and weak mortar have 
greater reduction in strength with 	increase in slender- 
ness ratio than 	walls built with strong brick and strong 
mortar. 	:5iinilar conclusion has been drawn by Haller. 
AL 
Although the mortar used in W-O and W-l/G walls are the 
same as used in W-1/3 walls, 	due to lower strength bricks 
01 
used in W-1/3 walls,there isreduction in strength. 
This greater decrease in strength with the increase 
in slenderness and eccentricity when weaker materials are 
used may be connected with lower El value which would result 
in lower failure load, 	Swiss Norm113 takes this 
effect into account and gives different reduction factors 
for the different grades of brickwork. 
. 
S 




sts have shown that the suction of the 
bricks when laid can considerably influence the strength 
of the brickwork especially when dense cement mortars are 
used (such as 1:3 cement:sand mix) and the wall is 
eccentrically loaded. 	Fig. (5.32) shows decrease in strength 
of wall with the increase in suction., This is because high 
suction bricks absorb an excess of water from the mortar and 
hence prevent complete hydration of the cement, and may 
result in lack of bond between brick and mortar ! With cement 
lime mortar this effect is relatively less pronounced because 
of the water retaining property of the lime. The test 
results of W-1/6 and particularly of W-1/3 walls should be 
studied keeping this aspect in view. The mode of failure of 
these walls shows failure generally at mid-height due to 
excessive lateral deflection. 	This maximum deflection 
results in break of bond between the mortar and the brick. 
Absorption tests on the bricks (Table (5.1)) show that these 
model bricks used in the walls have different suction 
capacities. 	In order to reduce their suction capacity, the 
bricks were soaked in water for a fixed period before being 
laid. 	The bricks still had different suction capacities 
at the time of laying in spite of the constant soaking time, 
but suction capacity was uniformly reduced. 
Errors involved in obtaining desired eccentricity: 
The strain measurements confirm that the eccentricity 
of loading is greater than the intended eccentricity: This 
is because the thickness of the wall being small, there is 
every likelihood of errors cropping up while placing the 
loading beam no matter how precisely one attempts to mark 
and position the beam and the wall. 
5.6.6. Comparison of test with other investigators 
Unfortunately there are very few test results 
available from other sources for eccentrically loaded walls 
of different slenderness ratio. 	Most of the test results 
available, do not have the same parameters as the authors 
tests. 	However the few test results of other investigators 
which are near enough to the author's tests are compared. 
Since the brick strength and the mortar strength are 
different for different tests, the comparison has been made 
in terms of dimensionless reduction factor. 
Fig. (533) shows a comparison of test results carried 
out by SCPI 66 , Haller 	and the author. The smallest 
wall of SCPI tests had a slenderness ratio of 3.7. 	There 
were walls of slenderness ratio 6.6 and 6,7 as well. 	In 
calculating the reduction factors the basic stress has been 
taken as the average of the ultimate stresses of walls of 
slenderness ratio 3.7, 6.6 and 6.7. 	In the authors test the 
lowest wall is of slenderness ratio 6.0. 	This makes the 
comparison between. the two more reasonable, and the reduction 
factor is based on the ultimate stress of this wall of 
slenderness ratio 6. With the exception of wal4of slender-
ness ratio 22.6, the reduction factors of other SCPI test 
walls are about 10% lower than those of W-0 walls. 
The eccentrically loaded walls of W-1/6 Series have 
nearly the same reduction factor as the SCPI test, values, 
whereas W-1/3 walls havereduction factor which is approxi-
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of W-0, W-1/6 and W-1/3 series the maximum slenderness ratio 
did not exceed 25.0, whereas the SCPI tests had walls up to 
slenderness ratio of 46.1. 	In actual practice single leaf 
walls do not have slenderness ratios more than 30. 	Testing 
walls beyond a slenderness ratio of 30 would therefore seem 
more a matter of academic than of practical interest. 
Haller's 	test results are about 18% lower than the 
author's test results for the walls of W-0 series. 	In the 
case of walls with eccentricity of loading e = t/6, Hailer's 
test results are lower than the author's results. 	The 
difference between the two is less up to slenderness ratio 
of about 19, beyond which the difference somewhat increases. 
Haller 	had a maximum slenderness ratio of 35.0. 
Fig. (5.34) shows the results of the test carried out 
by Watstein and Allen (20)  the author, and Grave and Motteu. 4 
The lowest wall in Watstein and Allen's (20) tests had a 
slenderness ratio of 12.4 and so the reduction factor is 
based on the ultimate strength of this wall. 	Similarly the 
lowest wall in the Grave and Motteu 4 test had a slender- 
ness ratio of 9,0. 	Unlike the author's test, the eccentricity 
of loading in the Watstein and Allen (20)  test was only at 
the top of the wall and the bottom end of the wall was loaded 
axially. While comparing the results, these deviations in 
the test should be kept in view. The reduction factor of 
Watstein and Allen's walls for all the three types of 
loadings are higher than the author's test walls. 	This 
was expected because of the difference in calculating reduction 
factor and the load eccentricity. The reduction factor in 
Grave and Motteu's 4 tests are all higher than the author's 
wall of W-O series. 	In this test the wall having the lowest 
slenderness ratio of 9.0 was a bonded wall of 11.5 ins. 
thickness. 	The remaining walls were single leaf walls of 
5.5 ins, thickness. 	The strength of the wall is found to 
decrease with the increase in thickness. (55) 	This 
reduction in strength becomes more pronounced if it is a 
bonded wall. 	This is due to increased percentage of mortar 
in the wall due to the addition of an internal vertical 
joint (Collar Joint). 	Haller's 	test shows that the 
strength of an axially loaded 5 ins, single leaf wall can be 
48% greater than that for a 10 ins, bonded wall when the 
slenderness ratio of both are equal to 10. 	This is the 
reason for the Motte.uts -best walls having higherreduction 
factor. 
Differences in rate of loading and method of testing 
etc. may be responsible for the variation in results of 
different tests. 
Although Grave and Motteu 	tested a number of walls 
they changed various parameters such as type of loading, end 
condition and thickness thus restricting comparison of their 
remaining test results with those of the author. 
Prasan et al. (16)  tests on single leaf 41 ins, thick 
full scale brick walls eccentrically loaded between R.C. 
slabs showed that the reduction in strength of walls resulting 
from eccentric loading when loaded between R.C. slabs is 
noticeably less than when loaded between knife edges. Most 
of the tests carried out so far to study slenderness effect 
on the strength of eccentrically loaded walls have been on 
walls with hinged ends. 	This is very different from the 
Lad 
actual conditions encountered in a building. Provision of 
R.C. slabs simulates more closely the end conditions of 
walls in an actual building and therefore it is desirable to 
study the effect of R.C. slabs at the wall ends. 	In this 
thesis tests on the walls loaded between R.C. slab with 
different slenderness ratio under axial load have already 
been described in Chapter 
5.7, CONCLUSIONS 
Axially loaded walls of W-O series failed partly due to 
tensile splitting and partly due to bending depending on the 
slenderness ratio. Eccentrically loaded walls of W-1/6 and 
W-1/3 series failed mainly due to excessive bending indicating 
stability induced failure.. 
The eccentricity of loading does not seem to affect the 
modulus of elasticity of the wall. A similar conclusion has 
been reached by Watt-stein and Allen. (20 	The value of the 
elastic modulus decreased with the increase in stress. 
Unlike walls of Wm, 131W, WS and CW series, all the 
walls of this series (W-O, W-1/6 and W-1/3) showed a regular 
deflection shape which approximated to a sine curve. 
As was expected, there is decreasing trend in the 
ultimate strength of brick walls with increase in slenderness 
ratio. 	Other available test results confirm this trend. The 
amounts by which the strength reduces is different for tests 
carried out by different investigators. 
Walls tested between R.C. slabs will give more realistic 
values of ultimate strength and reduction factors as compared 
with walls with hinged ends. 	Chapter (4) describes such 





The objective of this chapter is to analyse various 
theories related to the topic of this thesis and to compare 
them with the author's test results in order to verify 
their validity. 
Various theories related to slenderness effect and 
compressive strength are based on the stress-strain 
relationship of the masonry. Thus the interaction between 
the deformation of the units and mortars is included in the 
analysis. 	This stress-strain property of the masonry can 
either be 
Actual stress-strain curve obtained from axial loading 
test results, or 
Assumed stress-strain curve which can be a linear or a 
non-linear relationship between stress and strain. 
6.2. ASSUMPTIONS 
Cross-sections normal to the axis of wall stay plane 
after load deformation is applied. 
Wall deflects in the form of a sine-curve and is given 
by the equation y = f sin .(1j). 
Masonry has no tensile-resistance. 
The deflection curve of the wall could equally be 
of parabolic shape, or the arc of a circle. 	The sine curve 
is chosen because it is easy to handle mathematically. 
Because of this assumption the wall will have maximum 
deflection and curvature at mid-height and hence the load 
carrying capacity is defined by conditions at mid-height 
In the light of the above assumptions, various 
theories are discussed in the following sections. 
In all these theories two cases are considered: 
When load is outside middle third, 
When load is inside middle third. 
In addition to these two cases, 
included a case in which the load is within the kern at one 
end but outside the kern at certain other parts of the wall. 
6.3. HALLER'S THEORY( 15) 
Unlike other theories which will be discussed later, 
Haller's theory is based on the actual stress-strain curve 
obtained from pier tests of slenderness ratio 5. 	This 
particular value of slenderness ratio is chosen because at 
slenderness ratio less than 4.0, the mode of failure of the 
pier becomes diagonal,shear instead of the characteristic 
mode of failure of vertical tensile splitting perpendicular 
to the bed joint. 	The diagonal shear failure results in 
higher apparent masonry strength. 
A masonry wall of height h, thickness t and of unit 
width subjected to eccentric load is considered. Fig. (6. 
3.la). 
Referring to Fig. (6.3.1a,b & c), from the geometry 
and the principle of equilibrium a relationship between a 
parameter n expressing distance of neutral axis and other 
parameters is obtained and is as follows: 
i t/2 - + 	Ie) 2 Elh 
l - g 
1 2 	
- (1-g). 2 ........ Eq. (6.2.l) 
' IC 
1' 6 
7 T i 
6.31.(d) 
CASE II NA. OUTSIDE WALL THCKWESS 
The value of n for a wall of particular slenderness ratio 
is calculated by choosing a value of strain 6 l  and the 
corresponding value of g fom the stress-strain curve. 
6 1 h 
The second term 
•L in the above equation becomes 
TI 
large if slenderness ratio is large and 6 chosen is large. 
This means that at high slenderness ratio the failure strain 
should be very small in order that the terms under the square 
root sign remain positive and hence a real solution is 
possible. 
The compressive stress a is then calculated from 
equation 
Ft 	n  
a = - ..... Eq. (a.2.2) 
In the same way a number of trial values of Cl  are chosen 
and the corresponding value of a is calculated. 	A curve 
between a and the corresponding Cl is plotted. 	The highest 
point on the curve gives the bearing capacity of the wall 
under consideration. 
When the load is inside middle third then the stress 
distributed over the thickness of the wall will be as 
shown in Fig. (6.3.1d). 	In this case in addition to solving 
equation (6.2.1) equation (6.2.3) is to be satisfied by 
n = Cl ....
2 	
..................... Eq. (6.2.3) 
C l 
choosing an appropriate value of 6 2 . 	Once the n is obtained 
the stress is calculated from equation (6.2.2). 	The ultimate 




.The value of 6, at which the maximum stress a is 
obtained is the failure strain of the wall. 	This value 
explains the type of failure. 	If the value of F , is 
greater than the ultimate strain C * then the failure is 
a strength failure, indicating that the full strength of 
the wall has been utilised. 	This type of failure is 
common with less slender and concentrically loaded walls. 
If F, l is less than C, then failure is due to lack 
of stability indicating that full strength of masonry 
has not been utilised, and is very common with very slender 
and eccentrically loaded walls 	Fig. (6.3.2.) explains 
the two modes of failure and the effective regions of 
the stress-strain curve. 
6.4. •TURKSTRA'S THEORY (24)(88) 
Unlike Hailer, Turkstra assumes a non-linear stress-
strain curve of parabolic shape given by equation 
a = Ec(l - 
where C is<C 	
I 
The degree of non-linearity is defined by a parameter 
k which varies between 1. Q indicating a linear stress-strain 
relationship to 2.0 indicating a non-linear relationship 
(parabolic shape). 
Referring to Fig. (6.3.1) a relationship between wall 
strength and slenderness ratio of a pin ended wall is 
developed for the two locations of the neutral axis 
(i) Neutral axis within the thickness of the wall (ii) Neutral 
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This relationship is shown in Fig. (6.4.1) in terms 
of a non-dimensional parameter a = hitult.E. (and is 
completely independent of any strain which the theoretical 
derivation includes) and relative wall strength P/t.cruit. 
6.4.1, Discussion 
It can be seen from Fig. (6,4.1) that the effects 
of stress-strain relationship are opposite for low and 
intermediate values of a. For a low a greater non-linearity 
leads to greater strength while for intermediate values 
greater non-linearity leads to relatively less strength. 
For high slenderness ratio, all stress-strain curves yield 
nearly, equal relative capacity. 
An important characteristic of all the cases studied 
is the relatively rapid decrease of strength with height in 
the neighbourhood of a, = 1.0. 
6.5. MONK'S THEORY (25) 
Monk's approach to the study of slenderness effect is 
similar to that of Turkstra except in the method of 
calculating the load from the stress-strain diagram. 	Also. 
Monk's analysis takes into account the additional 
eccentricity due to excessive bending of wall or column. 
With the help of the moment area method a relationship 
between failure stress and slenderness ratio is developed 
and is given as 	 . 
12 E. q IT 2 
0 = 
-7 
(q 72 G + l)(h/t) 
Thus the failure stress is dependent upon elastic 
modulus, slenderness ratio and a geometric function G. The 






and the end conditions which in turn depend on the values 
of q. 
6.6. ANGERVOTS THEORY (70)(71) 
The approach in Turkstra,'s and I-Taller's theory has 
been -to approximate the deflection curve of the wall by 
some suitably chosen analytical curve. 	After this the 
conditions of equilibrium between external forces and 
stresses developed at the mid-height of the wall cross- 
section are satisfied. 	Angervo formulates and then solves 
the differential equation by taking secondary deflection 
into account as well. 
Referring to Fig. (6.6.1) the differential equation 
for the three cases of load eccentricity can be formulated. 
i) When load is outside the kern 
2P 
9Eb (t/2- V)2 
ii.). When load is inside the kern 
d 2 V - 	P.V 
dx2 El 
iii) When load is within the kern at an end of the wall 





Based on the solution of the above equations A ngervo ( 6970 7 
prepared curves for calculating ultimate strength of walls. 
Sahlin 6 also prepared several diagrams for the walls 
relating their slenderness ratio and ultimate strain with 
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6.7. COMPARISON OF TEST RESULTS 
6.7.1. WM and B1W Wails 
Fig. (6.7,1a,b & c) shows comparison between test 
results and the theories for WM and B1W walls. 
Turkstra's and Angervo's theories underestimate the 
wall strength. The difference between theory and experiment 
is appr9ximately between 18% and 33%. There is good agree-
ment between Monk's theory and the test results except for 
the walls B1W18 in which the theory underestimates the 
strength by 39%. 	This particular group of walls had higher 
strength than the walls of lesser slenderness ratio which was 
contrary to the expected behaviour. 	Better workmanship and 
better distribution of load are the reasons for-this increase. 
6.7.2. WS Walls 
Fig, (6.7.1c) and Fig. (6.7.1d) show comparison between 
the theories and experiment for WS walls. 	There is fairly 
good agreement between the two. 	The difference varies from 
5% to 30%. 	In general theory underestimates the wall 
strength. 
6.7.3. CW Walls 
Light weight concrete block walls are in reasonably 
good agreement with TurkstraTs and Angervo's theories 
except for the wall CW29. 	Similar to B1W18 walls, the 
walls of CW29 group had higher load bearing capacity than 
walls of lesser slenderness ratio. 	These walls of greater 
height were built in wooden jigs; this has resulted in 
better vertical alignment and hence higher strength. Morilcts 
theory overestimates experimental wall strength. 	The 
maximum variation being 35% for CW24 wall. The main 
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difference between the theory and the experiment is due to 
the variation in the elastic modulus, as will be explained 
later in Section 6.8, 
5.7.4. W-O, W-1/6, W-1/3 Walls 
Fig. (6.7.2) compares theoretical and experimental 
results for the walls with hinged ends. 
Walls of W-O series which are tested under axial 
loading show a lower bearing capacity than the theOries 
predict at the slenderness ratio of 6 and 12. 	For 
slenderness ratio of 18 and 25 the difference between the 
theories and experiment is small. 	Of all the theories, 
Angervo's theory show good agreement with the test results. 
For walls of W-1/6 series loaded with eccentricity 
e = t/6 there is good agreement of all the three theories 
except at the slenderness ratio 6 and 25 whOre the difference 
between the two is high. 
There is marked difference between the theories and 
experiment for walls of W-1/3 series having load eccentricity 
of t/3. 	For such a severe eccentricity, Turkstra's theory 
does not permit walls beyond slenderness ratio of 15.0. 
Monk's and Angervo's theories do not have such limits but 
the wall strength tapers down to almost zero above slender-
ness ratio of 18.0. 	In view of the assumptions involved in 
deriving the various equations this wide difference does 
not seem to be unexpected. 
5.8. DISCUSSION 
In the case of flat ended walls the basis for calcu-
lating slenderness ratio by Monk is different from that of 
Turkstra and Angervo and so the test results are compared 
separately. 
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Turkstra's theory gives higher strength of VM, B1W 
and CW walls as compared with Angervo's theory. 	There 
are three main reasons for this: 	1) Difficulty in esti- 
mating values used in a non-dimensional parameter q, 
Difference in the shape of the stress-strain curve, 
Effect of secondary deflections is taken into account 
in Angervo's theory but neglected in Turkstra's theory. 
From the above comparison of the author's test 
results with theories it is seen that the amount by which 
the theory and experiment differ from each other is variable. 
For some walls theory and experiment correlate well, whereas 
for some other walls the difference may go as high as 53%. 
There are several reasons for this variation. 	In the case 
of Turkstra's theory the important reason in the authors 
view f9r the walls of WM, 31W, WS and CW series is the 
choice of effective height in the calculation of non-
dimensional parameter o. 
As mentioned earlier Turkstra's theory is based on, 
walls with hinged ends and so the relationship between 
strength ratio Pit cultand non-dimensional parameter 
(Fig. (6.4.1) is based on actual height h. 
In the case of walls of iNN, B1W, CW and WS series 
there is lateral end restraint provided by the steel platens 
of the machine (R.C. slab in the case of WS walls). 	This 
will result in shifting of hinges along the height of the 
wall. 	Therefore the height for iNN, B1W and CW walls has 
been taken as 0.9 h. 	This value of 0.9 h is very approximate 
and is based on the trends observed in the lateral deflection 
curves of the walls and the recommendation of Australian 
Code of Practice. 6 	For WS walls, the height is taken 
as 0.75 h in the calculation of a and is based on C.P.11l. 
This value seems to be reasonable since for a wall with 
complete fixity the height is 0.5 h. This approximation in 
the choice of effective height h for calculating a is one of 
the main reasons for the variation in theoretical and 
experimental values. 
In the case of Angervo's theory the error involved in 
estimating the value of the ultimate strain c (which is 
unknown) is the most important factor, contributing to this 
variation. 	Because of experimental limitations it has not 
been possible to measure the ultimate strain and so the 
value has to be approximated from the available stress-strain 
curves for squat walls. 	These curves generally terminate 
at 60% of the failure load and so the curve is not well 	- 
defined beyond that point. The relationship between stress 
and strain- near failure load will be different from that at 
lower load. To extend these curves on the basis of their 
initial shape is likely to involve errors. 	From the 
Fig. (6.6.1b) it is seen that the strength of walls is very 
sensitive to variation in ultimate strain especially at 
high slenderness ratio as a small error in estimating C will 
result in a relatively higher error in the ultimate strength. 
For the axially loaded wall, the curve for an 
eccentricity of loading t/24 (m = 0.25) was used in 
Fig. (6.6.1b). 	This is an overestimation of the eccentricity 
for most of the walls, because from strain measurements 
Tables (3.4.) (3.5.) and (4.2.) of previous chapters, it is 
seen that actual eccentricity in most of the walls is less 
IN 
than assumed by the eccentricity of t/24. 	This assumption 
will also reduce the theoretical strength of the walls. 
6.9. CONCLUSIONS 
All the important theories relating wall strength 
to slenderness ratio discussed above are found to be 
approximate partly because of the assumption that the 
masonry has no tensile resistance. 	If however the tensile 
resistance of the masonry is taken into account then the 
theory becomes complicated and it would be cumbersome to 
calculate the strength. . In actual practice, codes give 
reduction factors to take care of the slenderness effect of 
the wall. 	These reduction factors are based on test results 
in which conditions prevailing in actual buildings are 
simulated. 	Hence the presence of tensile resistance along 
with other related accidental factors are taken into 
account. 	Since in the code the basic permissible strength 
is based on the strength of a particular type of masonry 
(depending upon unit and mortar strength) the prediction 
of wall strength by using code recommendations tend to be 
more realistic, than by theoretical analysis. 	Hence the 
design of slender masonry walls based on theoretical methods 
is mainly of academic interest. 	However they are of 
value in developing an understanding of the factors 
controlling the strength of walls. 
Of all the theories discussed above, Turkstra's 
and Angervo's seem to be the ones which are nearest to the 
test results, and are also easiest to use. 	Turkstra takes 
into account the shape of the stress-strain curve by using' 
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a factor k. 	In• Angervo's theory, if the ultimate strain 
can be accurately estimated, then it becomes simple to 
predict a wall strength which is near enough to the test 
results. 
With the exception of the Swedish Code (62) most of 
the codes have a similar and simple approach to the design. 
Chapter (7) discusses the details of the design codes of 
various countries in the light of British Code C.P.11l (1970). 
iOa. 
CHAPTER '7 
A STUDY OF THE PROVISION FOR SLENDERNESS EFFECT 
- 	 IN DESIGN CODES 
7.1. INTRODUCTION 
Studies of design procedure laid down in various 
codes have been made by various authors( 757677X83 ) 
including Gross and Dikk ers ,(78 ) Macchi(79)(80) and 
Shelbach. 0 ) Motteu(8 	studied the design procedure of 
the Belgian code. 	Bradshaw and Foster (82)  studied design 
methods and their basis as laid down in C.P.111(1948) 64 
and (1964 ).(84 	None of these studies concentrated 
exclusively on reduction factor-slenderness ratio relation-
ship laid down in various codes. 
In this chapter an attempt to study reduction factor-
slenderness ratio relationship of the various codes has 
been made with the help of available test data. The reduction 
factors given in American, Canadian, Australian, Swiss and 
British codes of practice are compared and discussed. Also 
the permissible loads for various eccentricities and 
slenderness ratios are compared. 	Permissible loads of the 
various codes have been calculated keeping in view the fact 
that different codes have different ways of arriving at 
basic stresses, and also to some extent the codes have 
different approaches in specifying the reduction factors, 
and also a different quality of workmanship. With these 
limitations in mind the design provisions of various codes 
have been examined and compared. 
7.2. U.S.A. Code - SCPI66 
According to this code the permissible load F, is a 
101 
wall depends upon four variables: 
The eccentricity coefficient C 
e9 
The slenderness coefficient C 5 , 
The ultimate compressive stress f 1 , and 
The gross cross-sectional area 
In symbols P allowable = C eC sfmAg 
where 
 C  = 1 when e < t/20 
 C e 
1.3 
= 1 + 6 cIt + *(e/t-1/20)(l-e1/e2 ) 	•... Eq. 	(7.2.1a) 
when e > t/20 and e cc t/6. 
Ce = 1.95(2 	e/t) + *(e/t-l/20)(l-e1/e2 )... Eq. (7.2.1b) 
when e > t/6 and e 'C t/3. 
- The slenderness coefficient is calculated by 
means of the following formula. 
C5 = 1.2- 	5.75+ (1.5+ e1/e2 ) 2 <1.0 ... Eq. (7.2.2) 
ei smaller eccentricity either at top or bottom 
e2 - larger eccentricity either at top or bottom. 
Unlike the British, Australian and Swiss codes, this 
code considers end conditions in detail. The slenderness 
ratio in the code is defined as the ratio of effective 
height (h) to effective thickness (t) and should not be 
greater than hit cc 10(3- e1/e2 ) where e1/e2 is positive 
where member is bent in single curvature and negative when 
member is bent in double or reverse curvature. 	If e1 or 
is zero, then e1/e2 will also be zero. 
It will be seen that the maximum permitted slenderness 
ratio is 20 when the wall is loaded with the equal eccen-
tricity top and bottom on the same side (i.e. absence of 
reverse curvature). 	A maximum value of h/t=40 is permitted 
when the ends of the loaded wall are fixed or when the wall 
is loaded with equal eccentricity top and bottom in opposite 
directions (i.e. presence of reverse curvature). 
The various end conditions and eccentricity ratios 
envisaged in the code are shown in Fig. (7.2.1). 
The eccentricity e 1 is taken as the smaller virtual 
eccentricity at the top or bottom support. 
The effective height, unlike the British and 
Australian codes, is not altered because of different end 
conditions except in the case when the top end of the wall 
is free and the bottom fixed; for all other cases when the 
wall is laterally supported at both ends, the effective height 
is taken as the actual height of the wall. The effect of 
end conditions is taken care of in the slenderness and 
eccentricity coefficients which are dependent upon the 
eccentricity ratio e1/e2 . 	The eccentricity ratio 
in turn depends upon the end conditions of the wall. 
The slenderness and eccentricity coefficients 
proposed in the code are based on the tests carried out on 
walls under different end conditions. From a study of 
eccentricity coefficient equations (72.1) it is seen that 
the reduction in the strength of wall not only depends on 
the magnitude of eccentricity but also on the type of bending, 
i.e. single or double curvature. 	Test results (66) 
on which these equations are based confirm this trend. 
The eccentricity coefficient Ce takes care of non-
uniform stress distribution for the eccentrically loaded 
walls so that no increase in the basic stress is allowed; 
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7.2.1. Comparison of Test Results with Code Reduction 
Factors 
7.2.1.1. 1. SCPI.. and the Author's tests in relation to 
the American and British codes. 
The test results for eccentrically loaded hinged 
walls having eccentricity ratio e 1/e2 = +1 are compared 
in Fig. (7.2.1). The SCPI 66 test results are higher 
than the code values. 	The reduction factor values have 
been calculated on the basis of prism tests 66 . having 
slenderness ratios between 2.5 and 4. 	The author's test 
results for W1/6 walls also have higher values than the 
code values. 	For the walls. of W 1 /3 series having eccentricity 
of loading e = t/3 the SCPI test values are more or less in 
agreement with the code values except for walls of 
slenderness ratio 14.0, where the test result is lower than 
the code value. 	The author's test results are lower than 
the code values for all slenderness ratios. 	The reason 
for this is, as has been mentioned in Chapter (5), that low 
strength bricks were used, and also the eccentricity of 
loading was more than the desired eccentricity of t/3. 
The reduction factors of C.P.111(1970) 46 seem to 
be nearly the same except at slenderness ratio of 12 or 
over, where the difference in values is noticeable. 	The 
lowest wall used in the British code is of slenderness ratio 
6 and in American code is of 5. When this is taken care of 
the difference between the two is reduced. 
Fig. (7.2.2) shows comparison of test results with 
the code for the axially loaded walls with hinged ends, 
corresponding to eccentricity ratio of e 1/e2 = 0. 	The 
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SCPI 66 test results and the author's are higher than the 
code specification. 	There is a slight difference bet- 
ween the American code and the British code. 	If a basic 
slenderness ratio of 6 is taken in the American code then 
the difference between the two is reduced. 
Fig. (7.2.3) shows test results for fixed end walls 
under axial loading corresponding to eccentricity ratio 
= ..I. There is a large scatter of test results for 
the SCPI test. Except at slenderness ratio of 10 and 12 
the other walls have higher values than the code specific-
ation. British code C.P.111(1970) 46 values are lower 
than the test results. 	Except for the wall of slenderness 
ratio 18, the author's test results are also higher than the 
American code values. 	There is a difference of about 5% 
between American and British code, when the slenderness 
ratio of C.P.11l is multiplied by 4/3 to make it comparable 
with the American code, 	In the case of flat ended walls 
where the fixity is not as complete as in the case of wails 
with R.C. slabs, the slenderness ratio is divided by 0.9. 
Reduction factors for these wails are about 10-15% lower than 
those given in the American code. 	This difference is 
understandable considering the relatively lower degree of 
fixity. 
Fig. (7.2.4) shows the reduction factors for the case 
when top and bottom eccentricity are in opposite faces, thus 
leading to deflection of wall in double curvature. 	It will 
be seen that the values in this case are higher than they 
would be when top and bottom ends are fixed. 
Similarly Fig. (7.2.5) gives the reduction factor 
when the top end of the wall is hinged and the bottom 
Fig.7.2.4. 
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end is fixed. 	The values of reduction factors 
in this case are less than the values for the case 
when e1/e2 = -1 for both types of end conditions. 
7.3. CANADIAN CODE (67) ( 1970) 
As in the SCPI 65 code the allowable vertical load 
on a wall or column is calculated as 
P = CeCsfmAyi 	...........Eq. (7.3.1) 
where C el C 5 and fm have the same meaning as those in SCPI. 
An - Net cross-sectional area 
C  - The eccentricity coefficient is 
C  = 1.0 for e C t/20 ...........Eq. (7.3.2a) 
Ce = 	
1 
--r for e > t/20 
e<t/6 .... Eq. (7.3,2b) 
Ce = -(1-2 e/t) for e > t/6 
e C t/3 .... Eq. (7.3.2c) 
1 
d)Ce =6 eitl e>t/3 ......... Eq. (7.3.2d) 
C5 - slenderness coefficient 
C 0 = 1 - Cb(h/t - 5) ...............Eq. (7.3.3a) 
where Cb = 0.003 (e1/e2 ) + 0.012(e1/e2 ) + 0.025 ...Eq. (7.3.3b) 
Maximum value of slenderness ratio permitted in the code is 
h/t < 10 [3 - (e1/e2) ] 	...........Eq. (7.3.4) 
This is exactly similar to SCPI code. (66) 	According to 
this equation the maximum value of hit permitted varies 
between 20 and 40 depending upon the eccentricity ratio e 1/e2 . 
This code is also explicit about position of eccentricity and 
hence the end condition. 	The effective height is taken as 
the actual height. 
7.3.1. Comparison of test results with the code 
7.3.1.1. Axially loaded walls (Cw, WM, BlW, WS) 
The test values for B1W series are higher than the 
code values. 	Similarly the values for WM and CW series 
are also higher than the code values. Except for WS18 
wall, the remaining walls of WS series have higher 
reduction factors. 	The C.P.111 6 value for the axially 
loaded walls are nearly the same as for Canadian values, 
Fig. (7.3.1). 
7.3 , 1.2, Hinged walls axially and eccentrically loaded 
(WO, W1/6, W1/3) 
In the case of hinged walls the test values are 
greater than those specified in Canadian code for the axially 
and eccentrically loaded wall of e = t/6 eccentricity. For 
the wall of W1/3 series having eccentricity of loading e = t/3 
the test values are nearly the same as given in the Canadian 
code. 
The reduction factor given in C.P.111 46 is similar 
to the values given in the Canadian code for axially loaded 
walls. 	But for hinged walls the C,P.111 46 values are 
25% higher than Canadian values, Fig. (7.3.2). 
7.4. AUSTRALIAN CODE 6 
According to Australian practice, the allowable 
vertical compressive load (when eccentricity of load is less 
than t/24 and the eccentricity is the same top and bottom) is 
calculated as 
= Ka (0.2 F)Ag ..............Eq. (7.4.1) 
For the eccentricity of vertical lcad greater than t/24, 
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Pe = Ke (0.25 F)Ag 	 . Eq. (7.4.2) 
where Ka and K e are the stress reduction factors and are 
functions of slenderness ratio and eccentricity. 
F1  - Minimum ultimate strength of brickwork 
A  - Gross cross-sectional area. 
Similar to other codes this code also penalizes the 
permissible load for load eccentricity, greater than t/24. 
Unlike SCPI and the Canadian code it is not explicit about 
the type of eccentricity. 
The slenderness ratio is calculated as the ratio of 
effective height to effective thickness. 	The effect of end 
conditions are taken care of while determining the effective 
height. Hence the code differs from the American and 
Canadian practice of incorporating the effect of end 
conditions by specifying different values of slenderness and 
eccentricity coefficient depending upon the ratio of 
eccentricities at top and bottom support. 
The method of determining effective height is similar 
to British practice except that it is slightly more elaborate 
than the British code. 	The various values of effective 
height, depending upon the support conditions, are given in 
Table (7.4.1). 	Partial rotational restraint is said to be 
provided in the above table if the masonry is bearing on or 
supporting for its full thickness a stable concrete element 
such as footing, floor or roof. 
7.4.1. Comparison of tests with Australian 
7.4,1.1. Axially loaded walls (CV, WM, B1W, WS) 
The reduction factor for all the axially loaded walls 
I- 
REFEt1AOLE 7.4-1. 




EFFECTIVE HEIGHT - AUSTRALIAN CODE 
CONDITION OF SUPPORT 	 EFFECTIVE 
HEIGHTS 
i) Adequate lateral support and 
partial rotational restraint 
at top and bottom 0.75 H 
Adequate lateral support and 
partial rotational restraint 
at either top or bottom and 
lateral restraint at opposite 
end (bottom or top) 	 0.85 H 
Adequate lateral support at top 
and bottom 	 1.0 H 
Adequate lateral support and 
partial rotational restraint 	 •i) Piers 2H 
at bottom and no lateral 	 ii) Wall 1.5 H support or rotational 
restraint at the top 
Free standing non-load bearing 
members 	 2.0 H 
EFFECHYI 	HEIGHT 
&gs 
of OW, NM, B1W and WS series are higher than those specified 
in the Australian code. 	A wall of WS series having slender- 
ness ratio of 14 has the same reduction factor as given in 
the code. 	The C.P.111 49 values are 5% to 169/6 higher than 
those given in the Australian code. 6 The difference 
increases with the increase in slenderness ratio. Fi9J.4J. 
7.4.1.2. Hinged walls axially and eccentrically loaded 
(wo,va/6, w1/3) 
In the case of hinged walls the test values are higher 
for the axially loaded wall of WO series and eccentrically 
loaded wall of W1/6 series having eccentricity of loading 
e = t/6. 	But for the wall of W1/3 series having eccentricity 
of loading e = t/3, the test values are below the Australian 
values. Fig.7.4.2. 
The reduction factor values given in C.P.111 46 are 
about 20% higher than the Australian values (63) for the 
eccentrically loaded walls having eccentricity of loading 
e = t/6 and t/3. 
7.5. SWISS C0DE 7 
Unlike the other codes discussed so far, the Swiss 
code is simple to use. 	The permissible stresses are 
calculated directly from Table (7.5.1). 	The code gives 
different permissible stresses for walls having different 
thickness and different quality of workmanship. As will be 
seen from the table, walls with five different thicknesses 
and two types of workmanship are considered. 
The maximum permissible stress is given at slender-
ness ratio of 5. 	These stresses are linearly reduced to 
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TABLE 7.5.1. 
PI4ISSIBLE STRESS FOR BRICflORK WITH PORTLAND C4ENT (Swiss Norm S.I.A.No,113) p.s.i. 
Type of Wall Compres- High Quality Brickwork Special Quality 
Brickwork Thick- sive HC MBSC 
ness stress  
inchesand 
	m=o 	rn=* 	rn=l 	m=li 	m=2 	n=o 	m= 	rn=1 	m=l*m=2 
abscissae 
9=0 e -t/12et/6et/4et/3 9=0 et/12e=t/6e=t/4e=t/3 Section 
Stretcher 4.8 454.4 341 213.0 114.4 14.2 710 568 426 284 142 
Bond 
Brickwork A 50 42 32 24 10 55 45 36 28 16 
6 a5 383.4 298.2 213.0 114.4 14.2 625 511.2 426 284 142 
A 50 .42 32 24 10 55 45 36 28 16 
7.3 3 340.8 270 213.0 114.4 14.2 568 483 426 284 142 
A 50 42 32 24 10 55. 45 36 28 16 
Bonded .10 256 199 156 85 14.2 483 412 355 227.2 85.2 
Brickwork 
13 A 50 42 32 24 	.10 55 45 36 28 16 
if 
Fru.25.1. 
DE1ERkUNATION OF 	FERMISSABLE 
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value of limiting slenderness ratio varies from 10 to 55 
depending upon the type of loading and the thickness of 
the wall and nature of workmanship.. 	In the case of 
eccentrically loaded walls, the load eccentricity is 
considered to be on the same side of the wall and hence it 
avoids the presence of reverse curvature. 
The effective height for calculating slenderness 
ratio is taken as the actual height. No effect of end 
restraints is taken into account. 
7.5.1. Comparison of test results with Swiss code 
7.5.1.1. Axially loaded walls (cw, w, Biw, ws) 
Axially loaded walls of WS, WM, B1W and CW series 
all have higher load reduction factor than are given in the 
Swiss code. 	In Fig. (7.5.3) the reduction factor values 
for WM and WS walls are compared with the reduction factor 
given in the Swiss code for 4.8 ins, thick walls. 	For the 
B1W walls the reduction factor is compared with 10 ins. 
thick walls and for the lightweight concrete block walls 
of CW series the comparison of reduction factors is made 
with 6 ins, thick walls. 	4.8 ins., 10 ins., and 6 ins. 
thick walls are the nearest full scale walls comparable 
to these model walls. 
7 , 5 , 1.2. Hinged walls axially and eccentrically loaded 
(30, Wl&S/. (Fig. 7.5.2.) 
Axially loaded, hinged walls of WO series also have 
a higher reduction factor than those given in the Swiss code. 
Similarly for the eccentrically loaded walls of W1/6 and 
W1/3 series, the test results are higher than the code values., 
particularly for the walls of W1/3 series, where the difference 
Fig 7 5. 2. 
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between the test and code values is as high as 90%. 	The 
reduction factor given in C.P.111 46 is less than that 
given in the Swiss code 	for the walls of WO series 
above slenderness ratio of 12.0. 	For the eccentrically 
loaded walls of W1/6 series where the eccentricity of 
loading is e = t/6, the reduction factors given in 
C.P.111 6 are about 7% higher than those given in the 
• 	Swiss codeJ 7 	In the case of walls of W1/3 series, the 
reduction factors given in C.P.111 46 are very much higher 
than those given in the Swiss code. (57) 	Also the Swiss. 
code 	permits maximum slenderness ratio of 16.0 for the 
walls with the eccentricity of loading e = t/3, whereas 
• 	.C.P.111 46 permits maximum slenderness ratio of 22.0. 	The 
load reduction factor for the eccentrically loaded bonded 
wall having eccentricity as e = t/6 is greater than that 
given in C.P.l1lJ 46 
7.6. BRITISH CODE C.P.11l 
According to the British Code c.p.i1ij 46 the 
permissible stress in the masonry is calculated as 
a = R.F. x Basic Permissible Stress. 	As in the Australian 
code, the reduction-factor (R.F.) takes care of both the 
slenderness and eccentricity effect. 	 - 
The first version of C.P.111 64 issued in 1948 
calculated reduction factors on the basis of wall of 
slenderness ratio 1.0. 	The values were based on the test 
results of square piers obtained from different sources. 
Maximum slenderness, ratio permitted in the code was 18 when 
cement-mortar was used, and 12 when lime-mortar was used. 
The values of reduction factors for different slenderness 
111. 
ratios for axially loaded walls is shown in Fig. (7.6.1). 
No separate reduction factors were specified for the walls 
with eccentric loading. 	The effective height for 
calculating slenderness ratio was taken as the actual height. 
In 1950, a paper by Davey & Thomas, (6) as discussed 
in Chapter (2), suggested the necessity for the modification 
of the code and in 1953 F.G. Thomas' 	paper not only gave 
useful suggestions for the modification, but formed the 
basis for the revised code issued in 1964. 
The 1964 issue of C.P.111 4 was less conservative 
than the 1948(64)  issue. 	The reduction factors were 
calculated by taking a wall of slenderness ratio 6.0 instead 
of 1.0 as in the previous issue. 	Also the values of the 
reduction factors are about 48% to 126% (Av. 70%) greater 
than those specified in the 1948 issue, Fig. (7.6.1). The 
limiting value of the slenderness ratio, however, remained 
unchanged. 	The wide difference in the reduction factors 
between the two issues was due to the difference in choosing 
the minimum slenderness ratio. 	If the slenderness ratio- 
reduction factor relationship line of the 1948 issue is 
shifted from slenderness ratio 1.0 to 6.0 then the difference 
between the two is significantly reduced at all slenderness 
ratios except at the limiting slenderness ratio of 18.0, 
where the difference remains the same. 	The reduction 
factors given in the 1964 code are the average of the values 
for weak and strong brickwork as reported by Thomas. (  
Hence for the weak brick and weak mortar the code over-
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slenderness ratio of 10 and for strong brick and strong 
mortar it underestimates the reduction factor by 18% above 
a slenderness ratio of 10. 
the difference is not great 
At lower slenderness ratios 
The difference in load 
factor which might arise due to a common reduction factor 
for both types of brickwork (weak and strong) is reduced 
(not removed) by choosing appropriate basic permissible 
stress. 
The basic stresses in the 1970(46) version of the code 
are SI equivalents of the values specified in 1964 code. (84) 
The main changes in this code are from nominal thickness to 
actual thickness, an increase in the limiting slenderness 
ratio from 18 to 27 for cement mortar and revision in the 
reduction factor for different slenderness ratio. 	The 
value of 27.0 will correspond to height to radius of gyration 
ratio of 93.5, which, when compared to the limiting value for 
the steel columns, is much lower. 	This is reasonable 
because of the absence of tensile resistance in masonry walls. 
These reduction factors are based on the tests carried out 
on walls and piers. 	The reduction factor-slenderness ratio 
relationship for the axially loaded wall is shown in Fig. 
(7.6.1). 	The values of new reduction factor are not 
different from the 1964 (84)  code up to slenderness ratio of 
10, where the maximum difference between the two was 69/o. 
Above a slenderness ratio of .10, the maximum difference 
is as high as 359/6. 	The reduction factors for eccentrically 
loaded walls is also found to be higher.. The 1970 code, (46) 
like the 1964 codej84)  is not explicit about the nature of 
eccentricity. 
ll 
Fig. (7.6.2) shows stress and load reduction factor 
for axially and eccentrically loaded walls as given in 
C.P.111(1970). 
The effective height in the calculation of slenderness 
ratio is taken as follows:- 
Walls with lateral support top and bottom = H. 
Walls with no top and bottom support = H. 
Walls with fixed bottom and top end free = 1.5 H. 
H is the actual height of the wall. 
As in other codes, the choice of effective height 
for the different end conditions of the wall is arbitrary. 
The value of effective height of % H is based on the 
reasoning that for an ideal fixed wall the effective height 
is 0.5 H and for walls in actual building when complete 
fixity is not possible, the effective height is increased 
to 0.75 H. 	The code does not give any justification for 
choosing this value; it is probably based on intuition. 
When this is compared with methods of steel column design, 
the C.P.11l approach seems to be crude. 	This is under- 
standable because very little is known from actual tests, 
either model or full scale, of the real mode of action of walls 
and floors in a building. 	Up till now, all versions of 
C.P.11l relate slenderness effect in terms of stress 
reduction factors. 	But the latest draft code, in limit 
state terms issued in 1973, is in terms of load reduction 
factors. 	This is in line with the SCP1 code, the Canadian 
and the Australian code. 	The stress reduction factor 
values of C.P111(1970) have been converted into load 
reduction factors after taking into account the increase in 
114: 
basic stress due to non-uniform stress distribution as a 
result of eccentric loading. 	Fig. (7.6.3) shows the load 
reduction factor (L.R.F.), eccentricity and slenderness 
ratio relationship. 	A comparison between L.R.F. of C.P.11l 
(1970) and the draft code is shown in the Fig. (7.6.4). 
The values of L.R.F. in the draft code are based on the 
assumption of a stress block resisting the eccentric load, 
with an average stress of 	 It is seen that the 
draft code values are about 8% higher between slenderness 
ratio range of 13 to 22, for the axially loaded walls. In 
the case of eccentrically loaded walls having eccentricity 
of loading e = t/6,• there is a wide difference between 
C.P.11l and the draft values. 	Draft values do not show 
any. decrease in strength up to two-thirds of slenderness 
ratio range far different eccentricities of loading. 	For 
walls with eccentricity of loading t/3, the draft values 
are 1.76 times the C.P.11l value at slenderness ratio of 
18.0. 	Codes of other cotries 60 do not haVe such a 
high L.R.F. at this slenderness ratio. 	The difference 
may probably be due to different position of load eccentricity. 
However in the following section it will be seen that some 
of the test results justify the draft proposals. 
7.6.1. Comparison of test results with code:- (C.P.111)1970 
7.6.1.1. Author's test results 
Comparison of authofs test results with C.P.11l have 
been made while comparing codes of other countries in the 
previous section. 	However, a general comparison of the 
author's test results along with other available test results 
is shown in Fig. (7.6.1.5). 	The figure shows a wide 
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scatter of test results for axially loaded walls, variations 
in testing procedure and material properties, and differences 
in choosing the height of the wall are factors responsible 
for this scatter. 	The author's test results for 
eccentrically loaded walls are compared with both C.P.11l 
and draft values. 	Test results are in agreement with the. 
code recommendations except in a few cases where the test 
values are higher than the code values. 
7.6.2. Comparison of draft 
( 68)  proposals with the test 
results 
Most of the test results have so far been discussed 
in relation to C.P.111(1970) values, 	In order to study 
the validity of the draft proposals, comparisons are made 
with other available test results in the following section. 
7.6.2.1. 	Davey & Thomas tests on 9 ins. (nominal) brickwork 
piers - weak and strong mortar 
The lowest pier built in weak mortar being of 12 ins. 
height will give misleading strength because of the restraint 
provided by the steel platens and so the load reduction 
factors are compared (Fig. 7.6.2.6) on the basis of the 
strength of the piers of slenderness ratio 6.7 and 10.7. 
The results are geherally higher than draft values especially 
at lower values at slenderness ratio of 10.5 and 15.0. 
These could be due to defective workmanship and errors 
involved in obtaining the desired eccentricity.. 
Load reduction factor values of the piers built with 
strong mortar, Fig. (7.6.2.7) are in fairly good agreement 
with the draft recommendations. 	In this case also the load 
reduction factors are calculated on the basis of piers of 
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slenderness ratio 6 and 10. 	At slenderness ratios of 10 
and 14.0, the test results are lower for piers having t/4 
and t/3 eccentricity of loading. 
7.6.2.2. scpi tests(85) on 8 ins, brickwork piers 
In this case the eccentricity of loading is similar 
to that envisaged in the draft code Table (5)(68)  Section 
4.6.2. i.e. the top end is eccentrically loaded and the 
bottom end axially. The test results for most of the cases 
are above code specification. It is interesting to note that 
test results agree with the draft proposals for walls having 
load eccentricity of t/3 at slenderness ratio of 21.0. 	No 
reduction in strength with the increase in slenderness ratio 
up to slenderness ratio of 18.0 for the wall of eccentricity 
t/3 seems strange, but the few available test results justify 
the draft values, Fig. (7.6.2.8.). 
7.6.2.3. SCPI tests on brick walls (66)  
The load reduction factor of the walls with different 
load eccentricity along with the code proposals are shown in 
Fig. (7.6.2.9). Each test result shown in the figure is 
the average of three walls. 	The load reduction factor for 
all the cases are found to be higher than the draft values. 
Here also the test results for the walls with load eccentricity 
of t/3 at the top end are higher than the draft values at all 
slenderness ratios. 
7.6.2.4. Yokel et aiJ41)  tests on 6 ins, reinforced and 8 ins. 
unreinforced walls 
Similar to SCPI test results load reduction factor 
values for Yokel's test results show higher values for axially 
and eccentrically loaded walls at all slenderness ratios, 
•117 
Figs. (7.6.2.10) and (7.6.2.11). 	The test details of 
Yokel's test have been discussed in Chapter (2). 
7.6,3. Comparison of permissible loads of different codes 
So far the basis and the provision in the various 
codes for calculating permissible stress or load after 
taking due cognisance of slenderness effect have been dealt 
with. 	It is seen that these codes have the same approach 
for calculating the permissible design stresses or load, 
but give different values of load reduction factor and basic 
stresses. 	The method of calculating effective height is 
also different in different codes. 	In order to see what 
the permissible design stresses or loads turn out to be for 
the different codes, a comparison of these loads is made in 
Table (7.6.3.1) and Table (7.6.3,2) for hinged and fixed end 
walls. 
While doing the calculations the following assumptions 
have been made. 
1) Brick strength 	>4000 p.s.i. (28N/mm'). 
2) Mortar used is one or other of the following mixes 
Cement:Lime:Sand 1:1:3. 
Cement:Sand 	1:3. 
M-type Mortar - as per SCPI and Canadian 
specification. This is the mix which is the nearest 
equivalent to the above two mixes. 
3) For eccentrically loaded walls the average stress has 
been calculated, 
4) Inspected workmanship. 
5) Area of the wall is unity. 
6) In draft code the partial safety factor y is taken 
as 2.9. 
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DESIGN LOADS (IN POUNDS) FOR mcGED END WALLS 
SL E N D E R N E S S 	RATIO 
10 	 16 
Basic Stress 















475 	- Sept. 1.973 
Load R.F. 
330 	413 
I R. F. 
.A. 	 320 	320 
R. F. 
400 	512 





0 1/12 1/6 
0.89 0.87 0.85 
266 212.0 158 
0.89 0.71 0.53 
266 212.0 158 
0.92 0.82 0.66 
437 390 314 
0.88 0.585 0.43 
290 242 178 
0.93 0.696 0.52 
298 222 166 
0.88 0.53  0.4 
352 272 205 
639 495 357 
0 1/12 1/6 1/3 
0.73 0.68 0.6 0.53 
218 167 117 49.3 
0.73 0.56 0.39 0.17 
218 167 116 51 
0.8 0.7 0.6 0.34 
380 333 285 162 
0.7 0.45 0.3 0.16 
231 186 126 •66 
0.77 0.486 0.364 0.18 
246 156 117 58 
0.72 0.37 0.28 0.14 
288 190 144 72 
556 409 273 0 
20 
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NOTE:- For U.S. and Canadian codes, the load R.F. values correspond to e 1 /e2 -1 1  i.e. for fixed 
end walls and walls with load eccentricity on opposite sides (double curvature). 
TABLE 7.6.3.2.. 
DESIGN LOADS (IN POUNDS) FOR FIXED END WALLS 
Basic Stress 	 SLENDERNESS RATIO 
Code 	 10 (7.5)4 	 16 (12)* 	 20i3 D.5.i.  
Axial Flex- 	 cit 	 cit 	 e/t 
ure 1/121/6 	1/3 	0 	1/12 1/6 	1/3 	0 	1112 1 
0.96 0.958 0.95 0.93 	0.84 0.81 0.78 0.72  
372 	286 230 176 	67 250 197 145 67 
0.96 0.77 0.59 	0.287 0.84 0.66 0.49 0.23 
286 230 176 	86 250 197 146 69 
0.955 0.825 0.60 0.34 0.88 0.78 0.65 0.34 
454 392 309 162 418 371 309 162 
0.955 0.645 0.481 0.276 0.82 0.56 0.39 0.22 
413 315 266 200 114 270 230 161 91 
1.0 0.9 0.77 0.61 0.88 0.79 0.68 0.54 
320 520 288 246 195 282 253 217 172 
0.92 0.61 0.46 0.23 0.82 0.545 0.41 0.20 
512 363 313 236 118 328 280 210 105 
- 639 495 357 77 556 409 273 0 
0.76 0.72 0.67 0.58 
224 173 124 54 
0.76 0.58 0.41 0.18 
224 173 122 54 
0.82 0.72 0.62 0.34 
390 342 295 162 
0.73 0.471 0.328 0.17 
241 194 136 70 
0.8 0.72 0.616 0.49 
256 231 197 156 
0.76 0.505 0.38 0.19 
304 258 195 98 
495 350 222 0 
0 1/12 1/6 1/3 
0.55 0.465 0.352 0.24 
164 119 72 23 
0.55 0.4 0.25 0.08 
164 119 75 23 
0.585 0.49 0.38 0.18 
276 233 181 	86 
0.505 0.29 0.175 0.0625 
167 120 71 26 
0.6 0.54 0.46 0.366 
192 173 148 117 
0.6 0.4 0.3 0.15 
240 204 154 77 
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* NOTE:- Values in brackets are for C.P.111 and Australian code to take care of end conditions. 
US. 
It is seen from these tables that for walls up to 
load eccentricity of t/5, the Swiss and draft codes are the 
least conservative. 	But for the highest eccentricity of 
t/3 the draft code and the Canadian codes are least 
conservative. 	The high value of permissible load permitted 
by Swiss code is because of excellent quality of workmanship 
involved. The draft code also specifies high quality of 
workmanship. Permissible loath calculated from the draft 
specification are substantially higher than those calculated 
on the basis of C.P.111(1970). 	This is mainly because of 
difference in quality of workmanship and difference in 
approach of calculating reduction factors. 
On comparing permissible loads of Canadian, American, 
Australian and British C.P.111(1970) codes the Canadian 
code is found to be the least conservative. 	This is because 
of the high basic stresses permitted in this code which 
offsets the higher load reduction •factors in the American 
and British codes. 	This difference in permissible load 
may be due to variation in the mortar type and quality of 
workmanship envisaged which may not be exactly the same 
in the different design codes. For fixed end walls, the 
American code corresponds to eccentricity ratio of 
= -1. This ratio is also applicable for the case 
when there is equal eccentricity on opposite sides at top 
and bottom. 	The effective height in this case will be 
half, because of the double curvature, and the code takes 
the same effective height for a fixed end wall. 	This is 
rather an ideal assumption, which is not valid in an actual 
situation. 
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For the eccentrically loaded walls the basic 
stresses in the British and Australian codes are 
increased by 25% and in the Canadian code by 28%. In the 
American code this increase is taken care of in the 
--eccentricity coefficients and as such no increase is made 
in the basic stress. 
2 	7.7 CONCLUSIONS 
1, Load reduction factors given in the American and 
Canadian codes are similar to those in the British code 
for hinged walls with axial and eccentric loading. For 
the fixed-end walls, because of difference in choosing 
effective height, there is a difference in lead reduction 
factors given by these two codes, 
The test results show that higher load reduction factors 
are given in the American and Canadian codes for most cases, 
except for walls with load eccentricity t/3. 
The Australian code is conservative in comparison to 
the British code, especially for eccentrically loaded 
hinged walls. 
The test results for all walls have higher load 
reduction factors except for eccentrically loaded walls 
with eccentricity t/3. 
There is fairly good agreement between the British and 
Swiss codes for 4 21 ins, thick single leaf walls for all 
types of loading, except for walls with load eccentricity 
of t/3. 	The British code values are more than twice the 
Swiss values. The Swiss code does not permit walls having 
slenderness ratios greater than 16 at load eccentricity t/3, 
as against the limit of 22 specified in the British code 
(c.P.111(1970)). 
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Load reduction factor values in the British code are 
based on the test results of 4 - ins, single leaf brick 
walls and 9 ins, square piers and so the values given for 
bonded walls in the Swiss code are different. 
Test results have higher reduction factor values than 
Swiss values for all the types of loading. 
Compared with the first issue of C.P.111(1948) the 
present British code has been greatly modified. 	The load 
reduction factor values of the current code are comparable 
with the codes of other countries. 
Test results show higher values of reduction factors 
compared with code values for axially loaded walls. There 
is a wide scatter of experimental points, the code values 
representing lower bound values rather than characteristic 
values. Walls with eccentricity of t/6 have higher values 
than the code values, but for walls with load eccentricity 
of t/3 the code values are higher. 	This, however, may be 
a reflection of the fact that experimental eccentricities 
were higher than the nominal value. 
These test results indicate the possibility of further 
revision of codes. 	The new draft code is a step in this 
direction. 
Other available test results when compared with the draft 
code show higher values of reduction factor for axially and 
eccentrically loaded walls, especially at the large eccen-
tricity of t/3. 	The test results available in this region 
of eccentricity and slenderness ratio are very few, and so a 
definite conclusion for this case at the moment is not 
possible. 
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While comparing the permissible loads of various codes, 
the Swiss and Canadian and draft codes are found to be less 
conservative than others. 
The value of effective height taken in various codes 







This investigation has attempted to clear the state 
of confusion that existed regarding the relationship between 
ultimate strength and slenderness ratio, and has led to the 
following general conclusions: 
The test results for single leaf and bonded brick walls 
and also for light weight concrete (Aglite)block walls 
axially loaded under flat ended conditions clearly show a 
decrease in wall strength with the increase in slenderness 
ratio. The proportions by which they decrease is different 
for different types of walls. 
Single leaf walls axially loaded between R.C. slabs 
also show a decrease in wall strength with increase in 
slenderness ratio. 	After taking into consideration the 
influence of brick strength and rate of loading on the 
strength of walls, experimental results indicate that better 
end restraint is provided by these slabs in comparison 
with that provided by the machine platen. 
The ultimate.strength of axially and eccentrically loaded 
hinged walls also showsdecrease 	 with increase in 
slenderness ratio. The ultimate strength of walls loaded 
with nominal eccentricity of t/3 shows a sharp decrease in 
strength with increase in slenderness ratio, especially at 
high slenderness ratios. 
The mode of failure of axially loaded walls shows atypical 
failure pattern by vertical tensile splitting, crushing and 
12 
spalling. 	All walls, except those of greater height 
exhibited strength failure. 	Tall walls exhibited both 
strength and stability failures. 	These modes of failure 
have also been observed by previous workers. Eccentrically 
loaded hinged walls failed mainly by excessive bending at 
the brick mortar interface primarily due to bond failure. 
Most of the theories formulated to relate the ultimate 
strength of the walls with slenderness ratio are found to 
be approximate because of the assumption that the walls 
have no tensile resistance, and also because of the 
elastic and non-homogeneous characteristic of masonry. 
Thrkstraand Aigervots theories are found to be relatively 
suitable for predicting wall strength. 
The test results, when compared with C.P.111(1970) 
and the design codes of other countries, show higher 
reduction factors than those specified in the codes for 
axially loaded walls, especially at slenderness ratios 	'I 
A 
above 18.0. 	For eccentrically loaded walls the reduction 
factors are nearly the same as those given in C.P.11l 
(1970).(46) 	Inraft code the load eccentricity is taken 
at the top only and so draft values are higher than 
C.P,111(1970). 
There is a wide scatter of available test results for 
axially loaded walls. 	The line representing the C.P.11l 
(1970) recommendations gives a lower bound rather than 
characteristic values. 
The experimental investigation has also paved the way 
for full scale wall tests to be carried out in order to 
study the slenderness effect under realistic end conditions 
- 	 124 
and thereby arrive at suitable reduction factors for 
these walls. 	The number of full scale walls to be tested 
could be reduced because of the substantial amount of data 
available from these model tests. 	Also, improvements in 
the testing technique could be made as a result of 
experience gained in the model tests. 
7) The stress-strain relationships are found to be non-
linear, and there are considerable variations in the 
results obtained from tests on nominally identical walls. 
Block walls exhibit a relatively less non-linear relation-
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A.1.1. ECCENTRICITY CALCULATION 
The eccentricity of loading is calculated from the 
strain measurements. Two cases of loading (1) when the 
load is within the kern, (2) when the load is outside the 
kern are considered. 
The following basic assumptions are made in derivation 
of the eccentricity equation from the measurement of strain 
at the faces of the walls. 
Modulus of elasticity E is constant, i.e. stress () 
is linear function of strain c. 
The strain distribution through the wall is linear. 
Modulus of elasticity E in tension and compression 
are equal. 
NOTATIONS: -  
e - Load eccentricity 
M - Moment 
P - Load 
Z - Section Modulus 
- Stresses at wall faces 
t - Wall thickness 
S - Distance from the neutral axis to the face of 
the wall. 
A.l.l.l. Case I:- Load is within the kern 





For a wall of thickness 11 tH, having stresses at its face 
as a1  and a2 and the bending moment N, the load eccentricity 
e is 
M = 
a1 - C2 
P4 = 	2 	
x Z -----------Bending Stress 
p
Ol  + a2 
= 	2 	
x b x t -------Direct Stress 
Also from two similar triangles in Fig. (A.l.l.l) we have 
a1 	a2 
(T+ 5) = 
= (t+ 3) 
Na1-a2 bxt2 
e = = G1 + C2 X 7bxt 
substituting for a2 in the above equation and solving it 
we get 
t2 e -+2 3 
A.1.1.2. Case II:- Load is outside the kern 
H 
= _ Gi  
• _ _ 





















For the combined stress condition the sum of the forces on 
the section = Axial Force. 
... Equating forces across the section and solving for e 
1xP/t(l+)Sxl - p/t(l- 4 ) (t-s) •x 1 = 	x  x t 
orS=(t-2e) 
e _t S -- 
Also from Fig. (A.1.1.2c) 
. _t 	S 
Knowing the thickness !It?T and intercept "5", the eccentricity 
of loading of various walls have been calculated. 	Fig. A.1.1.3. 
to (A.l.LLshows strain reading diagrams of some walls. 




A.2.1. DENEC GAUGE 
Specifications: 
Manufactured by W.H. Mayes and Son Ltd., 
Gauge length obtainable from 2 to 80 inches. 
Price range: gauge, gauge setting out bar and invar 
reference bar from £60 to £150. 
Stainless steel demec studs 112 at £2.30. 
Calibration factor by Cement and Concrete Association. 
2 inch gauge 2.48 x 10 strain per division 
8 inch gauge 1.01 x 10-6  strain per division 
12 inch gauge 6.6 x 	strain per division 
24 inch gauge 3.33 x 10-6  strain per division 
Description (44)  
The 'tDemec" gauge is a demountable strain gauge (Plate (A.2.1j) 
developed by Cement and Concrete Association, 	being 
obtainable at various gauge lengths. 	Its main components 
consists of an Invar main beam with two conical gauge points, 
one fixed at one end and the other pivoting on a knife edge. 
This pivoting movement is transmitted to a dial gauge 
(graduated in 10 ins.) mounted on the beam. An invar 
reference bar is provided as a check. 	Reference bar 
readings are usually taken before and after a test. 	The 
correct gauge length will be obtained by the use of a 
stainless steel stud to the surface of the structure. 
Durofix is a suitable adhesive for cementiri the studs to 
the surface of the structure. 	H . ...... . 
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Using demec gauges the reading accuracy 
of 3 x 10_6 can be obtained. 	A small temperature 
correction could be applied to the gauge. 
When measuring strain with the Demec gauge just enough 
pressure should be applied to the gauge to provide good 
contact. 	The reading is repeated to improve accuracy. The 
guage is always held in the same way for a particular 
position. When measuring vertically the fixed point 
should be in the lower disc. Throughout a test only one 
person should take readings for a particular measuring point. 
A.2.2. DIAL GAUGES 
Specifications: Baty Dial Gauge costing approximately £10 
each. 
1 division = 0.0001 inch. 
Range 0.2 inch or 0.5 inch. 
A.2.3. HYDRAULIC JACK 
Detail is given in Section 4.4.3.1. Chapter (4). 
A.2.4. LOAD CELL. 
The load cell is discussed briefly in Section 4.4.3.2. 
Chapter (4). 
They consist basically of electrical resistance 
strain gauges bohded to the steel column of load cell and 
connected as temperature compensated wheatstone bridge 
which is balanced for zero load. 
The position of the strain gauges on the steel column 
are such that when a load is applied to the cell, the 
bridge network becomes unbalanced and an electrical signal 
proportional to applied load is produced. 	A critical 
feature of this type of load cell is the height to diameter 
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ratio which should be made greater than 12 to achieve 
maximum accuracy. However the capacity of the load cell 
to withstand side loads without plastic distortion is then 
considerably reduced and the Davey and United design is 
a compromise based on experience. 
The load cell has self aligning cap to ensure con-
centric loading, and the upper surface which comes in 
contact with the ram, is a ferobestos disc dressed with 
molybdenum disulphide based grease. 	It is seated on 1* ins. 
thick steel plate with machine surfaces which in turn is 
seated on the loading beam. 	It is designed to withstand at 
least 50% overload above the normal rating without 
electrical or mechanical damage. 	Deflection on the vertical 
axis under load is generally less than 0.012 ins. (0.3 rn.m.) 
Reference (86) gives detail of the load cell; 
A.2.5. DIGITAL VOLTMETER 
This is also discussed briefly in Section 4.4.3.3. 
Chapter (4), 
The operational range of 0 - 1000 Volt is covered 
in six ranges, with a maximum sensitivity of 10 V and an 
accuracy of + 0.05% of reading ± 0.05% of range full scale. 
The voltmeter has internal calibration, filter and 
repetitivtjsingle-shot sampling facilities. The detail of 
it is given in Reference (87). 
A.2.6. ELECTROLEVEL 
The Electrolevel type EL/10 is a portable, remote 
reading instrument for precision levelling. 	The sensitive 
element is a spirit-level filled with a conducting liquid 
and provided with a system of electrodes from which the 
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bubble position is read as an electrical signal from a 
suitable indicator. 
Specifications: 
Length : 10 ins. 
Width 	7 ins. 
Height : 53 ins. 
Weight : 11 lb. 
Three scale ranges are provided reading from 0.05 thous. 
per inch (io arc seconds) to 10 thous. per inch. 
This instrument can be applied to the determination 
and control of small angular displacements where a remote 
read out is desired. 
A.2.7. TALYVEL 
This instrument was not used in the present investi-
gation. 	However, it can be used in place of electrolevel. 
The 'Talyvel' instrument is a new type of precision 
level in which the usual spirit bubble is replaced by a 
pendulum co-operating with transducers which provide an 
electrical displacement signal. This signal is amplified to 
feed a centre-zero meter. 
The instrument is battery operated and comprises:- 
The 'Talyvel' level unit which engages the surface under 
test. 
A Meter Unit which contains the battery and a trans-
istorised amplifier, and provides storage space for the 
tTalyvel' unit and lead. 
The meter is scaled both in angular measure (minutes and 
seconds) and in gradient (inches per inch and mm per metre), 
to indicate precisely the amount of tilt of the 'Talyvel) 
ILl 
unit. 	One second is approximately 0.000 005 inches per 
inch, or 0,005 mm per metre. 
The pointer comes to rest in about one second of time. 
Three ranges of sensitivity are shown by the Meter. 
These are selected by a combined ON-OFF and Range switch. 





A.3,1. TESTING OF PIERS 
In all the theories the basic strength of masonry is 
taken as the strength of the pier of slenderness ratio 
between 4 and 6. 	The modulus of elasticity is also 
determined by testing piers having the same slenderness 
ratio. 	As has been mentioned in Chapter (6), the modulus 
of elasticity value is an important parameter in the deter- 
mination of masonry strength. 	Ideally this value of 
modulus should be based on a large number of tests. However 
in this study, because of limited time, not many piers have 
been tested. 	The Yokel et  al. (401 	theory takes into 
account the effect of strain gradient. 	This gradient can 
be obtained by testing axially loaded and eccentrically 
loaded piers. 	The following section describes the testing 
method for these piers. 
A.3.2. MATERIALS 
The materials used in the construction of piers are 
similar to those used in the walls in Chapter (5). 
A..3. TEST PROCRJLMME 
Twenty-one-piers of 9.5 ins. x 875ins. x 1.47 ins. 
dimensions were tested under axial and eccentric loading 
of t/6 and t/3. 
A-3.4. EXPERIMENTAL PROCEDURE 
A.3.4.1. Construction oi 
Piers were built in a similar way to the walls. 
A.3.4.2. Pier tests and measurements 
The piers were taken to the Avery machine manually and 
were capped in the same way as the wall described in 
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Chapter (5) , 	The dimensions of the loading beam were like 
those for the walls, except the length, which was 10 ins. 
instead of 20 ins. 
A.3.4.2.1. Application of loads 
For axially lQaded piers the loads were applied at 
1 ton intervals up to 4 ton and then at 2 ton intervals 
up to failure. 	The average rate of loading was 60 p.s.i. 
per minute. 	For piers loaded with e = t/6 eccentricity 
the loads were applied at 1 ton interval up to failure. The 
average rate of loading was 40 p.s.i. per minute. 
For piers loaded with e = t/3 eccentricity, the loads 
were applied at 21- ton intervals up to failure. 	The average 
rate of loading was 17 p.s.i. per minute. 
A.3.4.2.2. Strain measurements 
The strain was measured by using Demec gauge of 2 ins. 
gauge length. The stress-strain curve is shown in 
Fig. (A.3.1.). 
A.3.5. RESULTS 
A summary of results are given in Table (A.3 , 1.). 
A.3.6. DISCUSSION 
A.3.6.1. Node of failure 
The axially loaded piers P 0 failed mainly due to 
crushing and vertical tensile splitting, and partly due to 
spalling. 	In all cases the first crack appeared at 709/6 
of the failure load. 
The eccentrically loaded pier P-hG having load eccen-
tricity of t/6, generally showed their first cracks at 809/o 
of the ultimate load. They failed due to spalling, crushing 
and bending, and in some cases there were a few tensile 

TABLE A..l. 
STRENGTH OF PIERS 
Age Failure Average Mean 
W Pier N Days Load Stress Average. 
Tons p.s.!. Stress 
p .s.)-. 
P0 - 1 18 17.0 2810 
P0 - 2 34 17.2 2828 2725 
P0 - 3 21 15.4 2538 
P - 1/6 - 1 37 8.3 1360 
p-1/6-2 37 13.3 2194 
F-i/6--3 34 11.0 1813 
-i/6-4 37 8.6 1414 
P-1/6--5 47 9.0 1487 1582 
p-i/6--6 46 11.6 1903 
p-i/6-7 45 12.4 2048 
P - 1/6 - 8 43 11.5 1885.4 
p-1/6-9 48 10.2 1677.0 
P-1/3-1 48 3.3 544.0 
P-1/3-2 48 3.2 528.0 
P - 1/3 - 3 44 4.87* 803.0 
P - 113 - 4 38 2.5 412.0 
P-1/3-5 40 3.5 574,0 534.0 
P.- 1/3 - 6 38 3.1 518.1 
P-1/3-7 35 2.9 471.0 
P-1/3-8 34 3.24 534.0 
P-1/3-9 38 4.1 681.0 
* Load eccentricity less than t/3. 
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cracks as well. 	Piers P-1/6-6-2 had peculiar failureS 
patterns in which, in addition to spalling and crushing, 
there was a horizontal tensile crack at the mid depth of 
the brick along the whole length of the pier. This may 
be. due to the presence of good bond between the mortar 
joint and the bottommost course, which may have prevented 
the bottommost course from rotation, and thus result in 
tensile crack. 
The piers P-1/5 having load eccentricity of t/3 
generally failed by spalling and bending. The maximum 
bending occurred at about 4 ins, from the top. 	In a few 
cases there was some crushing involved, and vertical 
tensile splitting in the thickness of the wail. 
EFFECT OF SLENDERNESSAND ECCENTRICITY 
ON THE COMPRESSIVE STRENGTH OF WALLS 
S.S. -IASAN 
B.E. (J. & K. India) 
A.W. HENDRY 
B.Sc., Ph.D., D.Sc., F.1.C.E., F.I.Struc.E., F.R.S.E; 
Department of Civil Engineering and Building Science 
Univorsity of Edinburgh. Edinburgh, Great Britain 
4.d.3 
- 	EFFECT OF SLENDERNESS AND ECCENTRICITY 
ON THE COhff'RESEIVE STRENGTH OF WALLS 
A review of research carried out on masonry walls 
shows that there is a scarcity of test data on the 
effect of slenderness ratio on the compressive 
strength of walls. The investigation described in 
this paper was carried out on one third scale model 
wails. It is intended as a pilot study to determine 
whether reduction factors prescribed in various codes 
are conservative: if they are, the background investi-
gation at model scale will permit the determination of 
revised values on the basil of a comparatively limited 
programme of full scale tests. Model walls have been 
• tested with axial and eccentric loading and with vari-
ous end conditions. The results are compared with the 
provision of various national codes and implications 
are discussed. As far as the British Code (CP.111 
(1970)) is concerned there would seem to be scope for 
revision of the reduction factors at higher slender-
ness ratios in the direction of giving higher design 
• strengths. 
AUSWIRAIJNG VON SCHL4NKHEIT URN &ZENTRISCHER 
BELA STUNG AUF 0Th DRUCKFESTIGKBIT VON M4UERWERK 
Kin Ueberblick ziber die vorliegenden Forschungsberieh-
te über Versuche mit gemauerten Winden zeigt, dase as 
nur sehr wenige Untersuchungen gibt, die die Auswir-
kung der Schlankheit auf die Bruchfestigkeit belegen. 
Die Untersuchungen die in diesem Berioht beschrieben 
werden, wurden an Modellk5rpern von 113 wirklicher 
GrOsse durchgefulwt, mit dam Ziel, in Form einer 
Pilotstudie, festeustellen, ob die Red zjJctions-Faktoren, 
vie sie in den verschiedensten Vorschriften angege-
ben sind, sit kanservativ sind. Falls sich dies be-
stStigen sollte wird die Hinter grunduntersuchung an 
den Mode llkorpern as ermdlichen rev idierte Werte 
vorzuschlagen, die dann anschlies send an geschoss-
hohen Mauerwerkselementen bestàtigt warden sollten. 
Die Modellk5rper wurden sowohl unter zentrrischer als 
auch eesentrischer Belastung und mit verschiedenen 
•Einspannungen getestet. Die Testergebnisse werden 
•mit den verschiedenen nationalen Vorschriften ver-
glichen. Danach warden Empfehlungen diskutiert. 
Soweit die englische Vorschrift (Britisch Coda) 
CP 111 (1970) betroffen ist so scheint as, dass 
darin genilgend Spielraum gegeben ist, die Reduktions-
faktoren bei grösseren Schlankheiten Cu itherprdfsn 
oder aber hdhere Dntckfestigkeit fUr Mauerwerk zu-
zulassen. 
4.d.3-O 
I 'INFLUENCE DE I 'ELANCEMENT ET DE 
I' EXCENTRICITE SUB LA RESISTANCE 
DES MURS A LA COMPRESSION 
Quand nous jatons un regard sur l'ensamble des essais 
affactues our des mitre an maçonnerie, nous commas 
frappés par La fait qu'il p aai peu de résultats d'as-
sais concernant La rapport entra l'elancament at La 
resistance des mitre a La compression. 
La recherche decrita dons cette etude a CtC axecutéa 
our des maquattas a L'echella un tiers. L'intantion 
dtait de eavoir par cetta etude ci Les .facteurs de 
reduction, décrits done différants rJgLemente, 
pouvaient être maintenus ; ci c'ast La cas, La recher-
che primaira cur modêLe ráduit parmdttra de determiner 
Las vaLeui's revues baséas sür un programme de compa-
raison Limité d'esaais cur echalLe norraaLe. 
Des maquettas ont ete tastdes avec charges axialas 
at excentriques at done de diffJrantas conditions 
d'encastramant. Las resultats sent compares aux 
prescriptions de nombraux re'gLemants nationaux at 
Las conclusions sont discuteas. En cc qui concerns 
La Norma Eritanniqua (CE. III (2970)) iL sembLa 
qu'iL p a una tandanca a La revision des facteurs 
de reduction pour . das mitre trs glances at dens La 
sans d'augmanter Les tensions de calcuL. 
NET EFFEKT VAN SLANKHEID EN EXCENTRICITEIT 
OP DE DRUKWEERSTAND VAN MUREN 
Een ovarsisht van hat ondarzoak uitgavoerd op muran in 
metseLwark toont aanjdat er aan schaarsheid can proef-
rasuLtaten bestaat over de invload van sLankhaid en 
axcentricitait op de drukweerstd,id van muran. 
Hat ondarzoe7c beschravan in daze mededeling ward uit-
gavoerd op muran met schaal een derda. Net is badoaLd 
cis pilootstudia om vast ta stollen of de radulctiefak-
toren voorgeschravan in verschillenda norman niet te 
voorzichtig zijn indian dit hat gavaL is, zal daze 
achtargrondstudia toe Latan de waarden ta herzien op 
basis van son vargalijkend progrcvnma met tests op ware 
grootte. 
Modeiwandan zijn baproafd onder axiale en axcentriecha 
balasting, an met varsohillenda opLeggingan. De ra-
suLtaten warden verge la/can met de voorschriftan van 
varschiLlanda nationaLa norman, en de gevoLgtrek7cingan 
- wordan badiskussiaerd. Voor wat de Britsa norm 
(CP.- 111 (1970)) betreft schijnt hat wal dat ean her-
ziening in de riohting van hoger toagalatan ontwarp-
sterkta aangawazan ware. 	 - 
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INTRODUCTION 
The combined effect of S.R. and eccentricity are the 
important parameters affecting the strength of brick 
walls yet they have not been adequately studied. There 
is sparseness of test data and available test results'' 2 
are conflicting. This paper describes very briefly 
tests carried out on model scale brick walls and the 
results are discussed in light of previously published 
results and code provisions. Model scale model testing 
of brickwork has been used extensively in the authors' 
laboratory and results have previously been validated 
against full scale tests 3. 
TEST PROGRAMME  
RESULTS 
Tables 2, 3 and 4 give details of the test results. 
DISCUSSION 
6.1 Modes of Failure 
In all walls except walls of No, W6' and W'3 series, 
the first hairline crack appeared between 50 - 60% 
of failure load and enlarged with further increase 
in load. The general mode of failure of the walls 
was vertical splitting accompanied by crushing and 
spoiling of various courses of brick. 
Table I gives the details of the programme. In walls N - 	- 25 and all walls of W - 	group 
failure occurred at mortar-brick interface due to 
breakdown of bond between the mortar and the brick 
3. MATERIALS at the time of maximum deflection. 
6.2 	Deflection 
3.1 	Bricks 
- 	 The lateral deflection measurements for NM, BIN and 
One third scale bricks were used. 	Bricks were supplied WS group of walls showed that none of the walls de- 
in batches so their strength varied. 	They were tested flected to the same extent. 	Some of the walls had a 
in accordance with B.S. 	3921 - 	 1969 Part 2'. deflection curve similar to a sine curve e.g. walls 
of No, W6' 	and W 13 group. 
3.2 Sand and Cement 
5.3 End Rotation 
In all tests, dry Leighton Buzzard 25/52 sand was used 
in conjunction with rapid hardening Portland cement 
(Ferrocrete) 
3.3 Mortar 
The mortar mix was 1:3 oement:sand by weight. With 
each wall six 25.4 mm mortar cubes were cads by hand 
compaction. The water' cement ratio varied from 0.8 to 
0.95. 
4. 	 EXPERIMENTAL PROCEDURE 
Details of experimental procedure is given in 
Reference 5 . All walls were built in wooden jigs ex-
cept SINE, 81W8 and 81W12. Wall 61W8 had higher 
strength than smaller walls because of better vertical 
alignment and workmanship as they were built in wooden 
jigs. Walls were cured under polythene cover for a 
- minimum of 7 days before being tested. 
4.1 Application of Load 
For all walls except those in WS group the load was 
applied by an Avery testing machine. For WS group 
walls the load was applied by means of an hydraulic 
jack through a load cell in a specially built rig. 
Plate 2. 
4.2 Strain Measurements 
Vertical Strains were measured by oorrpressometer and 
Dernec gauges of different gauge length depending upon 
the height of the walls. 
4.3 Lateral Deflection 
The lateral deflection was measured by dial gauges 
of 0.00254 mm sensitivity. 
4.4 End Rotation 
This was measured at the top most course and bottom 
most course by fixing brackets and dial gauges. 
Fig. I (a).  
Fig. (ib) shows load and rotation relationship. There 
does not seem to be a consistent 5 relationship between 
the two, because of the variable nature of masonry. 
5.4 Slenderness Ratio 
5.4.1 NM, 51W and WS Walls 
Figure (2) shows authors' test results and test 
carried out by other investigators. The S.R. 
of the smallest walls are different for different 
tests so that the value of the R.F. calculated 
will also be different. While comparing different 
test results this aspect should be kept in view. 
Walls of NM series show a decrease in strength 
of wall with the increase in S.R. except for WM12 
wall. WM walls have higher R.F. than American 
tests 2 on 102 mm thick full scale walls up to S.R. 
of 19.0, above this value the R.F. was lower than 
in American tests'. This could be attributed to 
differences in workmanship which becomes impor-
tant in the case of more slender walls. Thomas' 
test results' on 114.3 mm thick full scale tests 
show almost no decrease in strength with increase 
in S.R. 
6.4.2 No, W 6' and W 13 Walls 
Fig. (3) shows a comparison of test results carried 
carried out by SCPI 5 , Haller' and the author. 
There is a slight variation in the basis of the 
R.F. calculation. However on comparison, with 
the exception of wall of S.R. 22.6, the R.F. of 
the other SCPI test walls are about 10% lower 
than those of No walls. The eccentrically loaded 
walls of W-61 series have nearly the same R.F. as 
the SERI test values, whereas W- 13 walls have R.F. 
which is approximately 25% higher than SCP1 tests. 
For all these walls the maximum S.R. did not ex-
ceed 25.0 whereas SCPI tests had walls up to S.R. 
of 45.1. Testing walls above S.R. of 30 is more 
a matter of academic than of practical interest. 
Haller's test' results are about 18% lower than 
the author's For the walls of No series, In the 
case of walls with eccentricity of loading e 
t/6. Haller's test' results are lower than the 
author's results. 
4. d. 3-2 
Fig. (4) shows the results of the test carried 
out by Watstsin and Allen 8 and Grave and Motteu 9 
and the author. The lowest wall in Watstsin and 
Allen s' tests had a S.R. of 12.4 and so the R.F. 
is based on the ultimate strength of this wall. 
Similarly the lowest wall in the Grave and Motteu 9 
test had a S.R. of 9.0. Unlike the author's test 
the eccentricity of leading in the Watstein and 
Allen 8 test was only at the top of the wall and 
the bottom and of the wall was loaded axially. 
The R.F. of Watetein and Allen's 0 walls For all 
the three types of loadings are higher than the 
authors test walls. This was expected because 
of the difference in calculating R.F. and load 
eccentricity. The R.F. in Grave and Motteu's 9 
tests are also higher than author's wall of Wo 
series. In this test the wall having lowest S.R. 
of 9.0 was a bonded wall of (11.5") 292mm and 
(5.8") 140mm, strength of the wall is found to 
decrease with the increase in thickness. This 
reduction in strength becomes more pronounced if 
it is a bonded wall. Haller's test 7 shows that 
strength of an axially loaded 125mm single leaf 
wall can he 48% greater than that for a 250m 
bonded wall when the slenderness ratio of both 
are equal to 10.0. This is the reason for 
Motteu's test walls having higher R.F. 
Difference in rate of loading and method of 
testing etc. may be responsible for the variation 
in results of different tests. Although Grave and 
Motteu 9 tested a number of walls they changed 
various parameters such as type of loading end con-
dition and thickness thus restricting comparison 
of their remaining test results with those of the 
authors. 
6.4.3 Comparison of Tests with Code Provision"'" 
Figure (2) shows comparison of test result with 
CR 111 (1910)10 and draft cods''. Except wall WS-
14 all remaining walls of 61W. WM, WS and We 
series have higher R.E. than given in OP 111 
(1970)" and in the British draft code''. Eccen-
trically loaded walls of W- series have higher 
R.F. than specified in OP 111 (1910) 10 . The 
actual load eccentricity was higher than the in-
tended eccentricity of t/6 and so if test values 
are compared with the code of corresponding 
eccentricity it will be still higher. 
Walls of W-'3 series have lower R.F. than those 
given in CF 11110 and the draft code" for load - 
eccentricity of s = t/3. Out when compared with 
the draft code for load eccentricity of e, = e, - 
t/2.7, the test values are higher, except for 
walls W--12. In the case of walls having eccen-
tric loading at the top and the axial loading at 
the bottom, the draft code gives uniform reduction 
factor up to S.R. of 13 and 15.5 for load eccen-
tricity of t/6 and t/3 respectively. This seems 
strange but the few available test results' 2 '' 3 
justify the draft values. 
6.4.4 Comparison of Permissible Loads 
Tables (5) and (6) show comparison of permissible 
loads in various codes' • '' "'s. While calcu-
lating these loads the following assumptions have 
been made: 
Brick Strength = 28 N/em' (4000 P.S.C.) 
Mortar used is one or other of the following 
mixes: 
(a) Ceeent:Lime:Sand 1::3 
(hI Cseent:Sand 	1:3 
Fe) II - type Mortar - as per SCPI and Can-
adian Code. This is the mix which is the 
nearest equivalent to the above two mixes 
For eccentrically loaded walls the average 
stress has been calculated. 
Inspected Workmanship 
Area of the Wall in unity. 
In draft cods the partial safety factor ym 
is taken as 2.9 
Canadian", Swiss'" and draft codes" are found 
to be less conservative than others. In all 
these codes method of choosing effective height 
is found to be arbitrary. 
7. 	 CONCLUSIONS 
Fig. (2) shows the wide scatter of the available 
test results for axially loaded walls. 
The line representing the U.K. CR 111 (1970) 
values give lower bound and not characteristic 
- values. 
Test results show significantly higher reduction 
factors than those given in CP 111 (1970) and 
draft code above a slenderness ratio of 18.0. 
but the number of test points is comparatively few. 
More tests are therefore required in this region. 
The model tests show scope for further revision of 
various codes. The draft values can further be 
modified based on limited number of full scale 
tests. 
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Wall Slenderness Eccentricity End Remarks 
No. Ratio of loading Condition 
35.1 mm thick x460 mm wide in stretcher course 
5.4 WME 0 Flat ended Slenderness 
Ratio calculated 
WM12 10.8 C , 	
,, 
• 	as 0.9 H/t where 
WMIB 15.2 0 " 	 " H 	height of 
- wall t = actual 
WM25 22.5 C ,, thickness 
75.2 mm thick x350 mm wide /English-Bond/ 
5.4 BiN6 0 "" S.R. 	calculated 
51W6 7.2 0 
as 0.9 H/t 
E31W 12 10.5 0 
BiWis 16.2 0 
38.1 mm thick x450 mm wide in stretcher course 
4 WS4 D R.C.C. 	Slab 
WS6 S D " 	 " S.R. 	calculated 
as 0.75 H/t 
WS9 9 0 " 	,, 
WSI4 14 o p 
WS19 19 0 
38.1 	roe thick x 480 mm wide in stretcher course - 
6 Wn-5 D Hinged S.R. 	calculated 
Wc-12- 12 0 " 	• as N/t 
Wo-18 18 0 
- 	•Wo-25 25 0 
9 - 	6 6 t Hinged S.R. 	calculated 
N - 	- 	12 12 
6 ,, as H/t 
W--18 18 
W--25 25 	' - 	 = 
N - 	- 6 • 	6 t Hinged S.R. 	calculated 
W - 	- 12 12 	
- 3 • 	as 	Hit 
W- 	- i8 18 
W - 	- 25 25 
NOTE 	5.6. means Slenderness Ratio 
- 	 R.F. means Reduction Factor 
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4. ci. 3-6 
TABLE 3 
TEST RESULTS. WS WALLS. (BETWEEN P.C. SLAB) 
Wall Slender- Age of Mortar Age of Ulti- Ultimate Average Test Reduc- Modulus Essen- 
No. nose mortar strength walls mate compress- Ultimate Reduc- tion of Elas- tricity 
ratio cube 1:3c:s days load ive compress- tion factor ticity 	- 
41 	H/t days N/mm 2 ton stress ive factor of ult. 
N/mm 2 stress CF 	111 stress 
N/mm2  x 10 3 N/mm 2 
1 2 3 4 5 6 7 6 9 10 11 12 
WS4-1 4.7 31 20.6 32 3.24 16.3 7.91 t/29 	> 	0 16.3 
WS4-2 4.7 25 20.6 23 3.24 16.3 1.0 1.0 3.5 t/16 - 	0 18.6 
WS6-1 5.25 125 24.1 109 3.08 17.5 3.5 t/22 	> 	0 18,8 
WS6-2 6.25 109 24.6 106 3.55 20.2 - 	4.41 t/64 	- 	0 
W59-1 9.4 36 27.9 37 3.1 17.7 5.57 t/24 -a- t/75 
WS9-2 9.4 33 10.2 32 3.7 21.1 19.6 1.06 0.92 5.5 t/30 - 	U 
WS9-3 9.4 16 16.5 16 3.59 20.2 5.5 t/30 	C> 0 
WSI4-1 14.0 43 23.6 42 2.6 14.3 5.78 	- t/22 	- 	0 
WS14-2 14.0 46 22.7 43 2.4 13.7 13.9 0.75 0.78 5.68 t/25.4 	t/54 
WS14-3 14.0 70 22.9 64 2.4 13.7 5.68 t/21.4-t/29.4 
W519-1 19..8 89 21.8 03 1.98 11.25 5.4 t/27 	 0 
4S19-2 F 19.8 51 22.3 50 2.2 12.5 12.96 - 0.70 0.62 4.56 t/31 > 	0 WSI9-3 19.8 60 26.7 58 2.66 16.1 4.97 t/38 	 0 
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4. d. 3-7 
TABLE S 
DESIGN LOADS (IN NEWTONS) FOR HINGED END WALLS 
Basic 	Stress S L E N D S H N E S S 	P A I I 0 
N/mm' 
10 ___________  16 20 Code Axial 	Flexure m/t e/t  e/t  2 	N/mm 2 N/mm 
0 1/12 1/6 1/3 0 1/12 1/6 1/3 0 1/12 1/6 1/3 
Stress 	R.F. 0.89 0.87 0.85 0.81 0.73 0.68 0.63 0.53 0.62 0.55 0.48 0.34 
C.F.111(1970) 2.05 2.5 1.8 1.46 1.08 0.52 1.5 1.15 0.006 0.34 1.27 0.94 0.52 0.21 
Load H.P. 0.69 0.71 0.53 0.25 0.73 0.56 0.39 0.17 0.62 0.46 0.3 0.11 
C.P.111(1970) 2.06 - 1.8 1.45 1.08 0.52 1.5 1.15 0.806 0.34 1.27 0.94 0.62 0.21 
Load R.F. 0.92 0.82 0.65 0.34 0.5 0.7 0.5 0.34 0.55 0.55 0.48 0.28 
Draft 	C.F.111 
Sept. 	1973 3.3 - 3.0 2.7 2.15 1.1 2.62 2.3 1.96 1.11 2.2 1.9 1.57 0.917 
Load R.F. 0.88 0.595 0.43 0.24 0.7 0.45 0.3 0.16 0.58 0.345 0.225 0.1 
Australia 2.27 2.85 2.0 1.7 1.23 0.55 1.5 1.3 0.97 0.46 1.31 0.98 0.54 0.28 
Load S.F. 0.93 0.695 0.52 0.28 0.77 0.485 0.364 0.15 0.67 0.35 0.25 0.13 
U.S.A. 2.2 2.2 2.05 1.53 1.14 0.57 1.7 1.07 0.806 0.4 1.47 0.77 0.57 0.266 
Load S.F. 0.88 0.53 0.4 0.2 0.72 0.37 0.28 0.14 0.62 0.27 0.2 0.1 
Canada 2.76 3.53 2.4 1.9 1.4 0.7 2.0 1.3 0.99 0.5 1.7 0.94 0.706 0.35 




NOTE: For U.S. and Canadian codes, the load R.F. valuescorrespond to e 1 /e = -1, i.e. for 
Fixed end walls and walls with load eccentricity on opposite sides (oudle curvature). 
TABLE S 
DESIGN LOADS (IN NEWTONS) FOR FIXED END WALLS 
Basic Stress S L E N 0 5 R N S S S 	S A T I 0 
Code 
N/mmz 
10 	(7.5)x 16 	(12) 20 	(15) 30 	(22.5)x 
Axial Flex- e/t a  e  e/t  
0 1/12 1/6 1/3 0 1/12 1/5 1/3 0 1/12 1/6 1/3 0 1112 1/6 1/3 ure 
Stress 
S.F. 0.96 0.958 0.95 0.93 0.64 0.81 0.78 0.72 0.76 0.72 0.67 0.58 0.55 0.466 0.362 0.24 
C. F. 111 
(1970) 2.1 2.5 1.97 1.6 1.2 0.6 1.7 1.4 1.0 0.46 1.54 1.2 0.86 0.37 1.13 0.82 0.5 0.16 
Load S.F. 0.96 0.77 0.59 0.257 0.84 0.66 0.49 0.23 0.76 0.58 0.41 0.15 0.55 0.4 0.25 0.08 
C. F.111 
(1970) 2.1 1.97 1.5 1.2 0.6 1.7 1.4 1.0 0.46 1.54 1.2 0.36 0.37 1.13 0.82 0.5 0.16 
Load S.F. 0.955 0.825 0.650 0.34 0.88 0.78 0.65 0.34 0.82 0.72 0.52 0.34 0.585 0.49 0.38 0.18 
Draft 
C.F.1 11 
(1973) 3.3 3.1 2.7 2.13 1.1 2.9 2.6 2.1 1.1 2.7 2.4 2.0 1.1 1.9 1.6 1.25 0.6 
Load S.F. 0.955 0.645 0.481 0.275 0.92 0.56 0.39 0.22 0.73 0.471 0.326 0.17 0.505 0.29 0.175 0.0625 
Australia 2.27 2.6 2.17 1.8 1.37 0.76 1.85 1.5 1.1 0.63 1.7 1.3 0.94 0.48 1.15 0.82 0.49 0.18 
Load S.F. 1.0 0.9 0.77 0.61 0.88 0.79 0.68 0.54 0.9 0.72 0.615 0.49 0.6 0.54 0.46 0.396 
U.S.A. 2.2 2.2 2.2 2.0 1.7 1.34 1.94 1.74 1.5 1.2 1.75 1.6 1.35 1.03 1.3 1.2 1.02 0.806 
Load S.F. 0.92 0.61 0.46 0.23 0.62 0.545 0.41 0.20 0.76 0.505 0.38 0.19 0.6 0.4 0.3 0.15 
Canada 2.76 3.6 2.5 2.15 1.6 0.6 2.26 1.93 1.45 0.72 2.09 1.8 1.34 0.67 1.66 1.406 1.06 0.53 
5witzer- 
land 4.9 - 4.4 3.4 2.46 0.53 3.8 2.8 1.9 0 - 3.4 2.4 1.5 0 2.4 1.46 0.59 0 
x NOTE: Values in brackets are for L.P.111 and Australian code to take care of end 
conditions. 
4.d.3-5 
Plate I IKI 25 Wall ready for test 
(Flat ended) 
Plate 2 Test rig for VS Walls 
(Between R.C. slabs) 
Plate 3 Failure of Mi 25 Wall 
(Flat ended) 
Failure of W 	j'& - 25 Wall 
(Hinge end) 
4. Of. 3-9 
B1WH=314 FYI - SCP1 TEST 2O3rTvr 9 	Fig 2 o * B1WH=O9i-I FULL SCALE- THICK • Ws RC-C SLAB • SCP1 101-6mm 
114 3~ rn MALL THOMAS 
REDUCTION FACTOR VERSUS SLENDERNESS RATIO 6 2V6 [FULL SCALE I 
0 WV3 e:113 £ 114•3nwn MODEL V61h 
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EFFECT OF SLENDERNESS RATIO ON THE COMPRESSIVE  STRENGTH OF WALLS * 
by 
S.S.Hasan, A.W.Hendry 
University of Edinburgh 
- 	1. Introduction 	 .. . - 
S 
There appears to be a scarcity of experimental information 	on 
the effect of slenderness ratio on the compressive strength of b r i c kb 
walls. A programme of tests was therefore undertaken on 1/3rd scale 
model walls to provide further data against which to examine 	the 
Provisions of design codes. Model scale testing has been used ex- 1 
toncively in the author's laboratory and the results have 	previo- 
usly been validated against full scale tests /1/. 
Test. Programme 
Table 1 gives the details.of the programme, 
Materials 	 . 
3.1. Bricks 
One third scale bricks were used. Bricks came in batches so their 
strength varied. They were tested in accordance with BS3921:1969 
Part 2/a/. 	 . 
3.2. Sand and Cement 
In all tests dry Leighton Buzzard 25/52 sand was used in 	con- 
junction with rapid hardening Portland Cement /Perrocrete/. 
3.3. Nortar 	. 	. 
The mortar PIIX was 1:3 cement: sand by we{ght. With each wall, 
six 25.4 mm mortar cubes were made by hand compaction. The water 
cement ratio varied from 0.8 to 0.95. 
Experimental Procedure 
4.1, Construction of V/ails 
The walls were built in wooden jigs. The thickness of the mor-
tar bed was scaled down to 3.2 mm by drawing guide lines on 	the 


















TAUR I. Toot Ppoirtm, imfl 
WrtlJ. 	No . o &.Jonclornens 	L#ccentriei -ty 	',nd Ratio of loadjnrr Ctndjtjon Remarku 
. 	
. 	.. 
1 8 . 1 min thick x Ano mm wIde 	fl stretcher course 
v16 
""ci 
5.4 0 Flat ended 	Slenderness 
Ifluli 
'c 10 8 
• 
0 11 	 ft R at io calculated 
Wfll 8 16.2 0 as 0.91-1/t wwherehe  
M,12 22.5 0 
U H = height of 
wall. t = actual 
rwn thick x 380 min ivide, /L01-1 ,11 	01, -Bond/ 
5.4 0 
1,8 7.2 0 s.R•calculafPd 
DIW 12 
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Under a polylIIflfle Cover for a minl.muin of 
4.2. Wall Tents and 
Seven days before tentinQ 
All walls except the V/S groups were tooted in an Avery Universe, 
Testing machine. Prior to each test, a steel beam of appropriajf 
crosssection depending upon the thickness of the wall was hedde 
with a 1:1 cement: sand mortar on top of the- Wall and then levelled e
in two perpemlicular directions. 
Walls of the V/S groups /Figure 1/ were tested in a specially de-
signed rig. They were bedded in 1:1 cement: sand mortar between 348  MM thick reinforced concrete slabs. The bottom slab was bedded 
	on 
four courses of bricitworic and its two ends were supported on steel 
angles. The top RC slab was bedded on the wall in a similar way.The 
load was applied through a loading beam bedded on two courses of 
brickwork on the upper slab. 
4.2.1. Lflcation of Load 
For all walls except those in the WS group the load was applied 
by an Avery Machine. For V/S group walls, the load was applied 	by means of a hydraulic jack and load cell. 
4.2,2. Strain Measurement 
Vertical strains were measured by compressometer and Demec 
gauges of different gauge lengths depending upon the height of the 
walls. The average of four readings gave the final strain value for 
each load. 
4.2.3. Lateral Dpflqn t i ojl  
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5.1. Mode of Failure 
In all walls except walls of Wo,and 4 groups, the first17-16 hair line crack appeared between 50-60% of failure load and enlar- 
ged with further increase in load. The general mode of failure of 
the walls was vertical splitting accompanied by crushing and spall 
ing of various Courses of brick. There were Vertical cracks in the 
thickness of the walls as well. 
Walls of WO group failed mostly by tensile vertical splitting 
up to slenderness ratios Of 12. Above slenderness ratios of 12 the 
failure Was both due to tensile Vertical splitting and bending. 
Llaximum bending usually Occurred at the mid height  of the wall. 
In walls of V1 group the failure up to slenderness ratios of 
18 was due to the combined effect of tensile splittin g , spelling 
and bending. Walla of slenderness ratio of 25 failed mainly by 
bending which Occurred between 12th and 14 h course from top.Tere 
was a complete absence of tensile Splitting and Spalling. 
Walls of v4 
117r15-6-1.
group mainly, failed by bending except in the walls 4_G_i, 2 and 3 which had some spailing as well. 
5.2. Strain Readirjcrg 
Strain readings on both faces of the axially loaded walls were 
not greatly different from each other implying a fairly uniform 
c 
distribution of load on the walls. The difference in strain read- 
ings was higher in the initial stages but this reduced with the 
increase in load. 	 . 
5.3. Modulus of  r-Lasticity  
elasticity 
A 
Stress strain curve for finding the value of the modulus of 
lEt was plotted on the basis of an average of four 
strain readings for all walls. The E values fluctuatea during the 
lower range of loading, but afterwards at about 25-40% of ultimate 
.cload it started decreasing with the increase in load. 
.5.4. Deflection 
• The lateral deflection measurements for VtT, B, W and INS group 
'a of walls showed that none of the walls deflected to the same extent. 




• Murthy and ilendry /1/ have established that the model teat 
results Can be applied to full-scale brickwork structures provided 
t)uickneus of mortar joint and size of mortar cubes used 
for mortar 
strength determination are scaled down. The following section com-
pares the model tent results with other full-ocle test results. 
- 	5.5.1. WI'! and 131W Oronu 
Taking. reduction factors for the squat walls /i.e. walls having 
& slenderness ratio of 6/ as 1.0, the stress reduction factors of 
different walls can be compared. On this basis the reduction fa('- 
tor for W1J12 is greater than 1.0 and for W1.I18 and WAif 25 is less 
than 1.0, as was expected. Figure 121 shows that these tests when 
compared with American tests /2/ on 102 nun thick full scale walls 
had higner reduction factors up to the slenderness ratio of 19, 
above this value the reduction factor was lower than in the Ameri-
can tests. This could be attributed to differences in workmanship, 
which becomes important in the case of more slender walls. The re-
duction factors in the American tests have been calculated on the 
basis of the lowest wall having a slenderness ratio of 4.3 and not 
6 as with the tests described here and in OP111. CP111 (6/ assumes 
no reduction in strength up to a slenderness ratio of 6 but in 
American tests the strength reduces by 10% at a slenderness ratio 
of 6.0. This when compared with UP111 gives a higher difference in 
reduction factors than it would be if the reduction factor is 
taken to he 1.0 at a Slenderness ratio of 6.0. This aspect should 
be kept in mind while comparing different codes and tests. 
The test results of Sinha and Hendry 131 /Fig.2/ on a one sixth 
scale model wall of 114.3 mm equivalent thickness had the same re-
duction factor an that for the W1118 wall but had higher reduction 
factors for walls of slenderness ratio above 18.0. 
The bricks used for the wall WM25 had compressive strength 20 % 
lower than the bricks of walls WNG, W1,112 and VTM18. This would result 
in a lower strength reduction factor. The values of Reduction Fac-
tor have been accordingly adjusted. The results of the 114.3 nra 
thick full scale tests by Thomas /4/ show almost no decrease in re-
duction factors with increase in slenderness ratio /Fig.2/. 
In B1 W wall tests the ultimate stream of B
1 1.11 	is found to be greater thhn that of 2 1 W6 , B 1 W8 and B 1 W12 walls.
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better vertical alignment of wall as compared to Other walls of 
these groups. Also there in better distribution of load an is 
evident from the strain readings. 
The reduction factors given in various codes are found to be 
lower than the reduction factors of the B 1 walls and 203nxn thick 
full-scale American wall tests 121. 
The deflection curves for the flat ended walls vaguely indicate 
a point of Inflection between 0.9 and 0.95 times actual height, The 
Australian code recommends the effective height to be 0.85 	times 
tictuci height /5/. This condition is approximately similar to flat 
ended walls, hence instead of takinj effective height for flat end-
ed walls as * of the actual height as given in 02111 an effective 
height equivalent to 0.9 times actual height is taken. 
-t 	 However if slenderness ratio of B W and V/N walls are calculated 
on the basis of actual height, the stress reduction factors so 
obtained are higher than those given in CP111. 
5.5.2. V/S Group 	 . 
The reduction factors for V/S group of walls are higher than 
those specified in 02111 except for wall WS-14. This wall was not 
well built in comparison to other walls and due to a fault in the 
loading system, the rate of loaning was lower than the other 
walls. This may be the reason for the low strength of this parti-
cular wall, 
• The R. F- 's of V/fl and B 1 W walls are higher than of WS walls, 
although the WS walls should have the same 'reduction factors if 
not higner. The brick strength of V/S walls are lower than the 
brick strength of V/fl and B 1 V/ walls. This may have had some effect 
on the reduction factors. Thomas' test results /4/ indicate that 
walls of weak brick have lo'ier reduction factor than the walls 
made of strong bricks. 	 -. 
F' 
Cl 	 1 5.5.3. to; '/ and, U. Group 
The otreo6 reduction factors of \'/o and 1 VIT walls are higher by 
about 203 than those specified in 02111. 
The reduction factors for the \Vj walls are very much lower than 
those of OP111. The eccentricity of Ibading calculated from strain 
measurements are found to be higher than was intended. Also, low 
strength 1)rjcjc5' v,ere used in this group of walls. Th.se factors 





The eccentricity of lending for We and 	VI 	group of 	walls 	was 
also gvea Uer than Intended, These reduction factors will actually,  
he higher if the  eccentricity in not allowed to exceed the desired 
value. 
The ultimate otrength of 	1 1 Vt and 	walls are very sensitive 	to 
the absorptive properties of bricks. Hailer s tents /8/ indicate a 
oubt-jbgnj;jnl decrease In the strength of slender brickwail s ir.adc up 
of highly absorptive bricks especially under eccentric loading. it 
-is probable that the bricks used in these wails had different ab- 
sorption capacities at the moment of laying in spite of the 	ef- 
forts made to ensure a constant soaking time for all bricks. Fig. 
/2/ also shows a comparison between load reduction factors of 	the 
draft for revision of OP111 	Issued in Oct-1973 and CP111 /1970/. 
Thin draft sugr;ests a uniform reduction factor for eccentrically 
loaded walls up to a slenderness ratio of 18.5, depending upon the 
magnitude of eccentricity. This is not in accordance with the test 
values or with the cr111 /1970/ pocoimnendatjbus. It does not 	eenj 
reasonable to have the some strength for a wall of slenderness 
ratio 6 and a wall of slenderness ratio 18 particularly with as 
high an eccentricity of loading as t/3. The test results, however, 
seem to fail below draft specification values for eccentrically a 
loaded walls and above them for axially loaded walls. 
To sum up it is seen that the reduction factors in Cr111 	are 
lower than the test values particularly at higher slenderness 
ratio. This high safety factor-at high slenderness ratio is pro- 
bably intended an a precaution against the effects of poor work- 
manship in very slender walls. Figure 131 compares reduction fac- 
tors of the various codes /10/. 
6. Conclusions 
Figure /2/ shows the wide scatter of the available test results 
for axially loaded walls. 
The line representinr. the U.K. CP111 /1976/ recommendations 
give lower bound and not characteristic values. 
Test results show significantly higher 
I 
reduction factors above 
a slehdernesc ratio of 18, but the number of test points is cOmPa-
ratively few. More tests are therefore required in this region. 
A revision of CP1I.1 /1570/ values based on these tests supple-
mented as required should give characteristic values which vil) 
have higher reduction factors than those given at present. 
67 
The reduction factors piven in CP1 11 /1970/ for walls of t/6 
eccentricity are in agreement with the teat results. Reduction 
factors for walls of t/3 eccentricity are higher than the tent 
values, This is because of the eccentricity of loading lad calcu- 
lated from strain measurements/ being higher than the ilominal ec-
centricity of t/3. 
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